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Small metal particles and cluster compounds, which have 2 to a few hundred of metal 
atoms in their molecules, are fascinating from a scientific point of view, and are important 
and promising for application in fields as diverse as micro-electronics and catalysis. Such 
compounds are popular as research subjects among both chemists and physicists, working 
in coordination and organometallic chemistry, catalysis, solid-state physics, molecular 
beam domains and theoretical disciplines. The following main, common themes can be 
recognized in their work: 
-1- A first main theme deals with the metal frame geometry of such cluster compounds; 
how is this metal frame as compared to the structure of bulk metallic phase, which in 
most cases is close-packed. Very small cluster compounds, of up to some ten or more 
metal atoms are expected to develop five-fold symmetry. In several cases this is 
actually observed in complete icosahedra or in icosahedral fragments.1 These 
structures are not close-packed and thermodynamically stable only below a certain 
number of constituent metal atoms, above which reorganization to hexagonal or cubic 
close-packed structures must occur.2"6 These geometrical topics are of interest for the 
understanding of crystal nuclei with possible inborn defects when grown from 
supersaturated vapour or liquid phases. 
-2- The electronic structure of macroscopic species of metal is best described by (pseudo-) 
continuous bands of orbitals. In smaller particles discrete quantum effects are expected 
which cause special electric and magnetic properties. Below which particle size will 
such effects become manifest? It is to be expected that the border between molecular 
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behaviour, caused by the presence of discrete molecular orbitals, and macroscopic 
metallic behaviour, due to the presence of (pseudo-)continuous electronic bands, is not 
sharp and that an intermediate class of compounds shows interesting special features. 
This topic is interesting with respect to the application of very small particles and 
2-dimensional layers in micro-electronic devices. 
-3- So-called 'naked' clusters and small metal particles are interesting like clean metal 
surfaces are, which can be obtained in ultra-high vacuum. However, mostly ligands are 
attached to the peripheral metal atoms of these compounds, like adsorbates on top of 
metal surfaces. The mutual interaction of ligand/adsorbate with metal frame should be 
manifest in structure and electronic configuration of both. This is a keypoint in the 
understanding and tuning of chemical reactivity and fluxionality of metal frame and 
ligands/adsorbate. 
The well-defined compositions and structures of many different metal cluster 
compounds make these clusters favourite to studying catalytic systems. For instance, 
the coordinatively unsaturated cluster [Pt3(p3-CO)(dppm)3]2+ has been shown to be a 
good model for the chemisorption of several small molecules at Pt(ll 1) surfaces. The 
dissociative addition of oxygen to the cluster [Pt3(dppm)3Re(CO)3]+, leading to 
Pt2Re^3-0) units, might reflect the type of bonding of oxygen in bimetallic Pt-Re 
catalysts. 
-4- Chemical reactions involving the afore-mentioned ligands on the periphery of the 
metal frame could mimic the reactivity of adsorbates on metal surfaces, which is 
crucial for a variety of industrial processes from corrosion to catalysis. In the search 
for efficient and specific catalysts for the preparation of fine-chemicals metal cluster 
compounds should be considered as interesting candidates. 
-5- Another main topic is concerning growth processes of metal species. Growth and 
etching of small metal particles and especially of metal cluster compounds can be 
studied in much more detail than is possible for macroscopic objects. Metal cluster 
compounds sometimes precipitate as well-developed crystals, of which the structure 
can be determined by X-ray crystallographic methods. These provide very precise 
information about bond lengths, composition and symmetry of the metal frame. In this 
way, growth and dissolution of the metal frame can be studied in great detail, in 
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favourite cases even in one-atom growth steps. 
Fusion of well-defined metal fragments to larger clusters or metal particles is 
sometimes used as a classification concept in the formation of large clusters.10'" 
Additionally, cluster compounds are also interesting as building blocks, for instance to 
precipitate stoichiometrically well-defined skin catalysts.12 
This thesis gives contributions to the central themes 1, 3, 4 and 5; the study presented here 
deals with gold cluster compounds. Among the various types of metal cluster compounds 
they form a class apart with respect to bonding, electron configuration, structure and 
reactivity.' Characteristic is a frame with a central atom, surrounded by up to 12 atoms in 
the first shell with five-fold (icosahedral-based) symmetry. Apart from gold, in pure gold 
clusters, the central atom can be varied widely, for instance from carbon1 and nitrogen 
to rhodium18, platinum1 and vanadium19 in mixed metal-gold clusters. In this thesis cluster 
compounds with a central platinum or tungsten atom will be presented. Metal cluster 
compounds with CO ligands are very numerous and popular for chemical studies. 
However, gold cluster compounds are typical in the fact that gold does not bind CO, but 
instead gives strong bonds with phosphines and halides. 
The following main questions will be dealt with in this study: 
• How unique is gold in this class of cluster compounds? How many of the closely 
related silver or copper atoms can be built into the metal frame, and how do they affect 
*The mixed metal-gold phosphine clusters described in this thesis belong to the class 
of σ-bonded clusters. For the metal atoms on the periphery σ-hybrid orbitals are formed 
by a combination of a relatively low lying s orbital with a higher lying empty ρ orbital. 
The outpointing hybrid is used for the bonding of the peripheral ligands, whereas the 
inpointing σ-hybrid is involved in radial cluster bonding.13 It was shown that for such 
cluster compounds (with up to twelve peripheral metal atoms) these σ-hybrids result in 
one SCT and three P° molecular bonding orbitals.ld'14 This implies that the maximum 
electron count for these clusters is (S°)2(Pa) , which is indeed often observed; the 
(Sa)2(P°)4 electron configuration is also commonly encountered.ld This electron counting 
concept can be related to the widespread 16/18 electron counting system for mononuclear 
transition metal complexes by including the 10 d electrons of the central metal atom of the 
cluster in the electron count. This enables us to rationalize structures and reactivities of 
mixed metal-gold clusters in terms of the electron count in a way comparable to that 
known for mononuclear transition metal complexes. 
Although the radial bonding is essential in these σ-bonded clusters as outlined above, it 
is known from MO analysis that peripheral interactions, also due to the large number of 
such interactions, contribute to the total stability of these cluster compounds. ' 
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structure and reactivity (see chapters 3 to 6). 
• How does H2 react with these compounds? Is it dissociated, are the hydrogen atoms 
hydride-like, is there any Br0nsted-acidic behaviour? As H2 is an important reactant in 
so many chemical reactions catalyzed by metal surfaces, these are intriguing questions 
(see chapter 2) 
• Reduction of metal compounds with H2 is a common process in the precipitation of 
metal deposits. So the question arises how in our cluster compounds the metal frames 
can grow with gold, silver or copper, under the influence of H2. This topic is discussed 
in chapters 3 and 4. 
• Can tungsten be the central atom in gold cluster compounds? Yes, the resulting cluster 
compounds are reported in chapter 7. 
The experimental work that is reported in this thesis, is of rather varied nature. The crucial 
and often most time consuming work is the preparation, isolation and purification of the 
cluster compounds. NMR spectroscopy is of vital importance for the characterization and 
structure determination of the newly synthesized compounds. The presence of a platinum 
atom is of great help in the interpretation of many NMR spectra as will be evident for 
many compounds described in this thesis. Elemental analysis, mass spectroscopy, infrared 
spectroscopy, electric conductivity measurements and electrochemical studies were often 
valuable for obtaining information about bonding and reactivity. 
Crystal structures of ten cluster compounds are presented in this thesis; these have been 
determined with X-ray diffraction methods by Prof. Paul T. Beurskens and collaborators in 
the crystallographic research group of this university. 
This research, and especially the study of the catalytic properties of the cluster 
compounds, was done in close cooperation with the research group of Prof. L.H. Pignolet 
of the University of Minnesota in Minneapolis, USA. 
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Chapter 2 
The Reactivity of the Cluster Compound 
[Pt(AuPPh3)8](N03)2 with Molecular Hydrogen 
2.1 Introduction 
The reactivity of metal cluster compounds towards H2, and the structures and proper­
ties of hydnde-contaming cluster compounds are interesting because they can provide a 
better understanding of homogeneous and heterogeneous catalytic processes.' Hydndo 
compounds of heterometalhc clusters that contain gold have been described, and the 
presence of hydnde-bndges between gold and the heterometal is well-documented In 
[Ru(dppm)2^-H)2(AuPPh3)2]+ (ref. 2) and [Ir(tnphos)(Cl)^-H)(AuPPh3)2]+ (ref. 3) the 
bridging hydrides have been directly observed by X-ray diffraction, while for [Ir(PPh3)2-
(H)2(AuPPh3)4]+ (ref 4), [Pt(H)(PPh3)(AuPPh3)7]2+ (ref 5) and others the bonding 
positions of the hydrides have been proposed to be bridging from spectroscopic data, the 
solid-state molecular geometry of the non-hydrogen atoms or from potential energy 
calculations. 
Platinum-gold cluster compounds have recently been reported to be very active catalysts 
for H2-D2 equilibration reactions.
8
 This observation has prompted us to investigate the 
reactivity of platinum-gold clusters towards H2 in more detail In this chapter the results 
for the cluster compound [Pt(AuPPh3)g](N03)2 (1) will be reported. This is a well-studied 
cluster which has an (Sa)2(P°)4 electron configuration. This electron configuration is in 
* Parts of this chapter have been published in: Kappen, Τ G.M.M., Bour, J.J.; Schlebos, 
P.P J.;Roelofsen, A M , van der Linden, J G.M , Steggerda, J J.; Aubart, M A , Krogstad, 
D Α.; Schoondcrgang, M F J ; Pignolet, L H. Inorg Chem., 1993, 32, 1074. The 
electrochemical study, presented in this chapter, has been submitted for publication by 
Τ G M.M. Kappen, J G M van der Linden, A M Roelofsen, J.J. Bour, Ρ ΡI. Schlebos and 
J J. Steggerda. 
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agreement with its Pt-centered, crown-shaped toroidal solid-state structure (Figure 2.1). ' 
Its solution chemistry is characterized by reversible electrochemical processes,11 and by 
nucleophilic, electrophilic and oxidative addition reactions.12 The (Sa)2(Pa)4/(S°)2(Pa)6 
electron configuration concept (16/18-electron counting) has proved to be a reliable guide 
for understanding structures and reactivities of (mixed metal-)gold clusters. Here it will be 
shown that the (Sa)2(Pa)4 cluster 1 reacts rapidly and fully reversibly at ambient temper-
atures and pressures with H2 to yield the (S°)2(PCI)6 dihydride cluster [Pt(H)2(AuPPh3)8]2+ 
(2). This is an important observation in cluster chemistry since there are very few 
examples of facile H2 activation by transition metal clusters.10 
The results presented in this chapter raise the expectation that other (S°)2(Pa) mixed 
metal-gold clusters will also react with H2. Studies with such clusters, among which 
[Pt(Ag)(AuPPh3)g]3+ and [Pt(CuCl)(AuPPh3)8]2+, indeed showed such reactivity. Details 
of these reactions, together with reactions leading to new hydride-containing mixed metal-
gold clusters, are reported in chapters 3 and 4. 
Figure 2.1: The molecular structure of [Pt(AuPPh3)s](N03)2 as determined by X-ray 
analysis (redrawn from ref. 40). 
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2.2 Experimental Section 
2.2.1 Measurements 
NMR Spectroscopy. 3 , Ρ ( Ή ) NMR spectra of CH2C12 solutions were recorded at 
81.02 MHz on a Bruker WM-200 spectrometer and at 202.46 MHz on a Bruker AM-500 
spectrometer with trimethylphosphate (TMP) in CD2C12 as external reference, or at 
121.5 MHz on a Varían VXR-300 spectrometer with TMP as internal standard. Proton 
decoupled 31P 2D-Exchange spectra of CD2C12 solutions were recorded on the Bruker 
AM-500 spectrometer operating at 202.46 MHz, with use of a NOESY pulse-sequence 
with mixing times between 20 ms and 100 ms (H2-pressure was adjusted in such a way 
that the intensity ratio of 1 to 2 was approximately unity). *H NMR spectra were recorded 
at 300 MHz on a Varian VXR-300 spectrometer in CD2C12 with tetramethylsilane (TMS) 
as internal standard. The 195Pt NMR spectra were recorded on a Bruker WM-200 
spectrometer (43.02 MHz) in CD2C12 solutions with K2PtCl6 in D20 as external reference. 
Phosphorus decoupling during 195Pt NMR experiments was performed with a PTS 200 
synthesizer. All NMR data were obtained at ambient temperature unless stated otherwise. 
Those NMR experiments with a total pressure exceeding 1.5 bar were run with use of a 
sapphire high pressure NMR tube, topped with a titanium valve. 
Electrochemical Measurements. Cyclic voltammetric experiments were performed in a 
classical three electrode arrangement using a PAR Model 273 Polarographic Potentiostat 
equipped with EG&G Model 270 Electrochemical Analysis Software. The concentration of 
the electroactive species was 2-10 to 5-10 M; tetra-n-butylammoniumhexafluorophos-
phate (TBAH, 0.1 M) was used as supporting electrolyte. 
The working electrode was either a platinum or a gold disk. In short term experiments, 
like cyclic voltammetry, no differences in results were observed between the platinum and 
the gold working electrode. However, in long term experiments, i.e. with controlled 
potential electrolysis, irreproducible results were obtained with a platinum working 
electrode. This is probably due to interference with the dihydrogen oxidation process. No 
such processes occur at a gold electrode, and with gold electrodes reproducible numbers of 
transferred electrons were counted in controlled potential electrolysis experiments. 
The reference electrode consisted of a silver wire in a 0.10 M AgN03 acetonitrile/ 
toluene solution for those experiments carried out in acetonitrile/toluene mixtures; a 
Ag/AgI electrode was used in CH2CI2 solutions, and a Ag/AgCI electrode was the 
reference electrode for acetone and Ν,Ν-dimethylformamide solutions. The reference 
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electrode was connected with a Luggin capillary that contained the supporting electrolyte 
in the same solvent as in the main compartment. All potentials are given versus the 
ferrocene-ferrocinium (Fc ) redox potential at 20°C. The auxiliary electrode was a 
platinum foil. 
All manipulations were carried out with the use of Schlenk and glove-box techniques. 
The electrochemical cell was constructed in such a way that a constant total pressure of 
1.1 bar was maintained; this implies that the sum of the hydrogen pressure and the vapour 
pressure of the solvent is 1.1 bar. With the decrease of the temperature the vapour 
pressure of the solvent decreases considerably. For instance for CH2C12 vapour pressures 
range from 349 Ton at 20°C to 48 Torr at -20°C. 
The electrochemical experiments were performed in a variety of solvents which can be 
divided into three main classes: (i) CH2C12 where a pure CEE mechanism is observed 
under H2-atmosphere, (ii) pyridine, as an example of a basic solvent in which [Pt(H)(Au-
PPh3)g]+ is formed and (iii) several other solvents (among which acetone, N,N-dimethyl-
formamide, acetonitrile, benzonitrile and mixtures), of which a l:l(v:v)-acetonitrile/toluene 
mixture was preferentially used because of the solubility of [Pt(AuPPh3)g]° in this solvent-
mixture. 
Gas Uptake Measurements.15 Gas uptake values for 500 mg powdered, solid cluster 
samples were calculated from pressures measured in a closed, glass 80 mL reactor with 
use of a capacitance manometer (precision ±0.2 Τοπ) for additions of known amounts of 
H2 and He to evacuated samples up to a total pressure of about 1 bar. The amount of 
chemically adsorbed H2 was calculated as the difference between the amount of H2 and 
He adsorbed for 1. The value reported was determined after ca. IS minutes of equili­
bration, although nearly all of the consumed H2 was adsorbed within the first S minutes. 
The same value was obtained when taking the difference between the amount of H2 
adsorbed at 1 and at the isoelectronic cluster [Au(AuPPh3)8](N03)3. 
Hydrogénation Experiments. The hydrogénation experiments of ethylene were carried 
out at 20°C in a closed, 13 mL glass reactor charged with 50 mg of powdered cluster as 
solid sample or in methanol (1 mL) solution. This closed reactor was filled through a 
septum with 10 mL H2 and 10 mL ethylene of atmospheric pressure. Analysis of the 
headspace (in which only ethylene and ethane could be detected) was done with gas 
chromatographic methods (flame detection was used as the detection method). These 
hydrogénation reactions were followed to about 20 % conversion. 
The D2+02 reaction15 was carried out at 30°C in a closed, 36 mL glass reactor charged 
with 5 mg of powdered cluster and a total gas pressure of about 1 bar. The initial molar 
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ratio of D2:02 was 1:1.1. Analysis of the formation of D20 was earned out with use of a 
mass spectrometer connected to the reactor by a 75 um fused silica capillary tube. The 
reaction was followed to about 75 % conversion This reaction also occurs for H2 but 
measurement of the formation of H20 is not as accurate as for the deuterium case due to 
the relatively large background peak of H20 
2.2.2 Preparations 
[Pt(AuPPh3)8](N03)2 (1), [Au(AuPPh3)8](N03)3( [Pt(AgN03)(AuPPh3)8](N03)2> 
[Pt(PPh3)(AuPPh3)6](N03)2 and [Pt(H)(PPh3)(AuPPh3)7](N03)2 were prepared according 
to published methods. · · ' ' All solvents and gases were of reagent grade and could be 
used without further purification (except for the electrochemical studies); additional drying 
of solvents and gases, according to literature prescriptions,18 gave identical results. All 
solvents used for the electrochemical studies were purified according to literature.18 
[Pt(AuPPh3)g]° was prepared coulometncally by passing two Faradays of charge per 
mole cluster through a solution of about 75 mg of [Pt(AuPPh3)8]2+ in 20 mL acetonitnle 
under a N2-atmosphere. No supporting electrolyte was added to the compartment in which 
the cluster was reduced, TBAH (0 1 M) was the supporting electrolyte in the counter 
compartment. The zero-charged cluster precipitated on the platinum electrode from which 
it was easily removed by dissolving it in toluene The sample was washed twice with 
acetonitnle, dried in a glove-box and used as such. The cluster [Pt(AuPPh3)s]+ was 
prepared coulometncally by passing one Faraday of charge per mole cluster through a 
solution of about 50 mg of [Pt(AuPPh3)8] in 20 mL acetonitnle under a N2-atmosphere. 
No supporting electrolyte was added to the compartment in which the cluster was reduced, 
TBAH (0 1 M) was the supporting electrolyte in the counter compartment Due to the 
large value of the conproportionation constant for the reaction 
[Pt(AuPPh3)8]2+ + [Pt(AuPPh3)8]° - 2 [Pt(AuPPh3)8]+ 
the cluster mixture in this solution mainly (i.e., ca. 90 %) consists of [Pt(AuPPh3)8]+ (ref. 
19) This solution was used as such. 
[Pt(H)2(AuPPh3)8](N03)2 [(2)] 
fPt(AuPPh3)8](N03)2 (1) was dissolved in dichloromethane to yield a dark brown 
solution, this solution was then placed under an inert atmosphere of N2 (or argon). When 
this inert atmosphere was replaced by H2> a colour change to red was observed almost 
immediately, indicative of the presence of [Pt(H)2(AuPPh3)8] + (2) in this solution. 
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After substituting the H2 by N2 (or argon) the original dark brown colour rapidly 
reappeared in 1-2 minutes. The same behaviour was observed in other solvents, among 
which acetone and methanol. 
Interestingly, the same fast reversible colour change was also observed with solid 
samples of 1, corresponding to reversible H2 uptake in the solid-state (see Results and 
Discussion). 
Spectroscopic characterization of 2: 3 , P NMR: 6=51.5 ppm with 27(P-195Pt)(doublet)= 
380 Hz. 1 9 5Pt NMR: 6=-5994 ppm with 17(Pt-1H)(triplet)=645 Hz and 2/(Pt-31P)(nonet)= 
380 Hz. Ή NMR (hydride, -30°C): δ=+3.9 ppm with 17(H-195Pt)(doublet)=645 Hz and 
37(H-31P)(nonet)=13.7 Hz. 
2.3 Results and Discussion 
2.3.1 Characterization of the Dihydride Cluster 
[Pt(H)2(AuPPh3)8](N03)2 
The reaction between [Pt(AuPPh3)g](N03)2 (1) and H2 can be followed at room 
temperature and ca. 1 bar of H2 pressure in solution and in the solid state. Solutions of 1 
turn from dark brown to red almost immediately when a N2 atmosphere is replaced with 
H2. After substitution of this H2 by N 2 or argon, the original colour reappears in a few 
minutes. The same fast reversible colour change was observed with solid samples of 1 and 
corresponds to reversible H2 uptake (vide infra). 
These changes were followed in solution by NMR spectroscopy and by electrochemistry 
(vide infra) and show to be fully reversible. All observations and data in the solution 
phase can be interpreted with the following reaction scheme: 
[Pt(AuPPh3)8]2+(1) + H2 • [Pt(H)2(AuPPh3)8]2+(2) (1) 
The NMR spectra for a (dichloromethane) solution of 1 in the presence of H2 show a 
significant dependence on temperature and H 2 pressure, and the changes are completely 
reversible upon removal of H2. Some typical spectra are illustrated in Figure 2.2. At about 
1 bar of H2 pressure signals due to 1 and 2 are clearly evident. The NMR data for 2 (see 
Experimental Section) are distinctly different from that of 1 (31P, 5=55.4 ppm, 27(P-195Pt) 
(doublet)=497 Hz; 1 9 5Pt, δ=-4528 ppm, 27(Pt-31P)(nonet)=497 Hz, ref. 9). 
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25° С 










Figure 2.2: (A) 'H and (B) 3IP NMR spectra at different temperatures for a dichloro-
methane solution of 1 saturated with H2 in a sealed NMR tube. Peaks labelled with 'X' 
are due to solvent impurities; peaks labelled with 'S' are Pt satellites (Ή NMR at 
300 MHz; 3IP NMR at 121.5 MHz). 
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The Pt NMR resonance for 2, located at δ=-5994 ppm, is characteristic of an 
(Sö)2(Pa)6 (18-electron) cluster compound (see also chapters 3 and 4). The nonet splitting 
pattern in the 1 9 5Рі{ !Н) NMR spectrum, due to 27(Pt-31P)=380 Hz, indicates the presence 
of a Pt(AuP)8-frame like in the parent compound 1. The presence of two hydride ligands 
directly bonded to the central platinum atom is unambiguously concluded from the triplet 
splitting with 17(Pt-1H)=645 Hz in the 195Pt{31P} NMR spectrum. The magnitude of this 
^(Pt-'H) is in the normal range for hydride containing PtAu cluster compounds.5'6,20 
Therefore it is believed that in 2, like for these documented hydride containing PtAu 
clusters, the hydride ligands are bridging between platinum and peripheral gold atoms. For 
terminal hydrides the './(Pt-'H) is normally found to be considerably larger.21,22 
The hydride signal in the Ή NMR spectrum is broad at room temperature due to 
exchange with free H2, according to reaction (1) (this interconversion between 1 and 2 is 
also concluded from 3 1 P NMR data, vide infra). At lower temperatures this exchange rate 
decreases upon which the free H2 and the hydride resonances are resolved and sharpen as 
shown in Figure 2.2A. The hydride chemical shift of 2, in addition to '/(Pt-'H), proves 
the bridging nature of the hydride ligands. It is well-known that hydride chemical shifts 
are observed significantly low-field in M/Au-hydride-bridged systems 7 as compared to 
terminal hydrides.21 
Measurement of the spin-lattice relaxation time (Tj) for the hydride signal in the 
Ή NMR spectrum at -30°C gives a value of 700 ms for 2.28 This is similar to the value 
of 600 ms measured for the mono-hydride cluster [Pt(H)(PPh3)(AuPPh3)7]2+ at 25°C and 
confirms that in 2 the two H-ligands are bonded in a classical way instead of being 
bonded as an T|2-dihydrogen. 
At room temperature and a partial pressure of H2 of about 0.1 bar over a dichloro-
methane solution of 1, the Ρ NMR signal of 1 broadens significantly. The width of this 
signal increases further with increasing pressures up to about one bar, and a broad signal 
due to 2 grows in (Figure 2.2B). It is concluded that this broadening is due to the inter-
conversion between 1 and 2 according to reaction (1), at room temperature with a rate 
intermediate on the NMR time scale. Rate data for this exchange between 1 and 2, 
determined by means of a standard line shape analysis, revealed average lifetimes of 
τ(1)=2.7·10~3 s and τ(2)=2.210~3 s for the exchanging species 1 and 2 at 30°C with 
p(H2)=0.5 bar.32 This implies that the first order dissociation constant for reaction (1), k_t, 
is about410+ 2 s~'. 
This interconversion between 1 and 2 is also evident from the Ρ 2D-Exchange 
spectrum of a dichloromethane solution containing 1 and 2 in almost equal amounts 
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(Figure 2 3) The cross-peaks in this spectrum show magnetization transfer between 1 and 
2 and therefore prove the interconversion concept 
The broad signals in the 3 I P NMR spectra sharpen as the temperature is decreased to 
about -60°C (Figure 2 2B), indicating that the interconversion between 1 and 2 is slow at 
this temperature At room temperature and H2 pressures between 5 and 50 bar, only the 
signal of 2 is present in the Ρ NMR spectrum, indicating that 1 is completely converted 
into 2 Replacing H2 by N2 or argon recovers the undisturbed sharp signal of 1, showing 
the reversible nature of the reaction 
When the experiments described above are repeated with D 2 instead of H2, identical 
results are obtained (except for the Ή-coupled 1 9 5Pt NMR and the Ή NMR spectra) 
51 5 
55 5 
55 5 515 
ppm 
Figure 2 3 Proton decoupled Ρ ID-Exchange spectrum showing the interconversion 
between [Pt(AuPPh3)8}2+ (1) and [Pt(H)2(AuPPh3)8]2+ (2) (mixing time 20 ms) 
Hydrogen gas uptake measurements on powdered, solid samples of 1 show that 
0 7±0 1 mol of H 2 is chemically adsorbed per mole of cluster at 25°C and a total pressure 
of 1 bar 2 8 This reaction, like the solution-reaction of 1 with H2, is completely reversible 
This result suggests that a similar reaction to that shown in eq (1) occurs in the solid-
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state, but that this reaction is not totally complete at a pressure of 1 bar If this incom­
pleteness is not due to a sharp fall in reaction rate, but is due to an equilibrium that is 
reached, then the solid consists of one single phase rather than a mixture of two separate 
phases of 1 and 2 In this case there are two degrees of freedom (F), pressure and 
temperature, which can be varied independently and which determine the ratio 1 2 The 
number of independent components (C) in this system is two (viz , [Pt(AuPPh3)8](N03)2 
and H2), so according to the phase rule, F=C-P+2, this system then consists of two phases 
(P) One of these phases is the gas phase and therefore only one uniform solid phase 
exists This is in accordance with the fastness of the reaction (see Experimental Section), 
if the solid-state would exist of two phases the reaction would probably not be so fast, 
because segregation and boundary making are rather slow processes 
2.3.2 An Electrochemical Study 
of the [Pt(AuPPh3)8]2+/H2 System33 
It is known from literature that under N2-atmosphere the (SCT) (P°)4 cluster compounds 
[Au(AuPPh3)8]3+ (ref 34), [Pd(AuPPh3)8]2+ (ref 35) and [Pt(AuPPh3)8]2+ (1) (ref 19) 
exhibit two closely spaced reversible one-electron reductions in a variety of solvents 
among which dichloromethane, Ν,Ν-dimethylformamide, acetonitnle, benzonitnle and 
acetone For 1 this ЕЕ mechanism is given in reaction (2) 
e e 
[Pt(AuPPh3)8]2+ . [Pt(AuPPh3)g]+ - [Pt(AuPPh3)8]° (2) 
A typical cyclic voltammogram of 1 under N2-atmosphere, showing the two reversible 
one-electron waves, is given in Figure 2 4 
In this section we report the cathodic reduction of [Pt(AuPPh3)8] (1) under H2-
atmosphere, now a CEE mechanism is observed due to the presence of the dihydnde 
[Pt(H)2(AuPPh3)8]2+ (2) It will be shown below that chemical following reactions are 
observed in other solvents than dichloromethane which indicate proton transfer between 
different clusters In a basic solvent like pyridine cluster 1 reacts with H2 to yield 
[Pt(H)(AuPPh3)8]+ in quantitative amounts (see chapter 3), oxidation of this (S0)2(P0)6 
cluster in pyridine under H2-atmosphere will be shown to proceed by a catalytic EC' 
mechanism 
The related clusters [Au(AuPPh3)8]3+ and [Pd(AuPPh3)8]2+ give identical results under 
H2 as under N2-atmosphere, therefore it is concluded that these clusters do not interact 
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Figure 2.4: Cyclic voltammogram of 1 under N2-atmosphere in CH2Cl2 solution 
(100 mV/s, 25°C). 
with H2 under the conditions studied. This is in agreement with spectroscopic data: NMR 
data for these two cluster compounds remain unchanged when replacing the N2-atmos-
phere by a H2-atmosphere. Hydrogen gas uptake measurements on powdered, solid 
samples of [Аи(АиРРЬ3)8](К03)з are also in agreement with this observation. 
2.3.2.1 The CEE Reduction Mechanism 
for the [Pt(AuPPh3)8]2+/H2 System 
Dichloromethane solutions of 1 under H2-atmosphere (p t o t=l.l bar) show two one-
electron reduction steps at 20°C; this corresponds to the situation under N2-atmosphere. 
However, the half-wave potentials (E1/2) for these reductions are slightly, but significantly 
shifted in negative direction with respect to those found under ^-atmosphere (Table 2.1). 
The reductions at 20°C under H2-atmosphere, like those under N2, are still electro-
chemically reversible since the criteria3 ib/if (ib=backward current; if=forward current) 
and \ J(Cvm) (i =cathodic peak current; C=concentration electroactive species; v=scan 
rate) are constant over a large range of scan rates (0.1 to 10 V/s). 
However, at lower temperatures (-10°C and -20°C) more drastic differences are 
observed between the reductions under N2 and those under H 2 (Table 2.1): larger shifts in 
E 1 / 2 values are observed and at higher scan rates the two separate reduction waves merge 
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Table 2.1: Cyclic voltammetric data for the reduction of [Pt(AuPPh3)8]2* under N2-




































(a) Potentials VÍ E 1 / 2 (FC°" + ) ; estimated error 5mV. All values for a scan rate of 0.1 
to 2 V, if not otherwise stated. Current functions in A-dm3-s1/2-V_1/2-mor1. 
(b) Values for a scan rate of 200 mV/s. 
(c) E f value, the two waves merge completely at all scan rates. 
(d) Increasing value from 1.0 (0.1 V/s) to 1.67 (2 V/s). 
(e) Increasing value from 1.1 (0.1 V/s) to 2.46 (2 V/s). 
(f) Decreasing value from 5.4 (0.1 V/s) to 1.2 (10 V/s).(h) 
(g) Decreasing value from 3.7 (0.1 V/s) to 1.1 (2 V/s).(h) 
(h) The current functions for H2-atmosphere are higher than for N2-atmosphere; this 
is due to the merging of the two waves under H2-atmosphere which results in a 
higher peak current. 
completely under H2-atmosphere, whereas in the backward scan two separate waves can 
still be observed (for scan rates up to 1 V/s). In addition to these observations it is found 
that the forward, cathodic current diminishes despite increasing scan rate. Such a redox 
behaviour indicates a chemical step (C) to precede the electrochemical reduction steps 
(ЕЕ). The diagnostic criteria3 , 3 7 for such a mechanism are fully met for this system: (i) a 
decrease in current function i /(Cv1/2) is observed with increasing scan rate, and (ii) the 
ratio of ¡b/if is always equal to or greater than unity and increases with increasing scan 
rate (Table 2.1). The CEE mechanism of this system is illustrated in Figure 2.5. 
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[Pt(H)2(AuPPh3)e]2+ (2) « [Pt(AuPPh3)8]2+ (1) + H2 
E -в-||+ " 
[Pt(AuPPh3)8]+ 
E - е ~ | | + " 
[Pt(AuPPh3)8]° 
Figure 2.5: Reaction scheme showing the CEE mechanism under H2-atmosphere. 
At -20°C the vapour pressure of dichloromethane is only 48 Torr, so the p(H2) is close 
to 1 bar (for p t o t=l.l bar); at these conditions the equilibrium (1) is largely driven to the 
right (see Figure 2.2B) and a large concentration of [Pt(H)2(AuPPh3)8]2+ (2) is present in 
solution. This dihydride 2, like other (Sa)2(P°)6 cluster compounds, is electrochemically 
inactive towards reduction; the chemical step (C) is assigned to the chemical reductive 
elimination step yielding the (Sc) (Ρσ) cluster 1 in agreement with the spectroscopic 
observations from the previous section. This cluster 1 is then electrochemically reduced by 
two one-electron steps (ЕЕ) to the (5σ)2(Ρσ)6 cluster [Pt(AuPPh3)8]°. 
At room temperature the chemical step is rather fast as seen from NMR data; therefore 
in this situation the electrochemical reductions are hardly hindered by the presence of 2. 
However, at lower temperatures the chemical step is slowed down significantly and 
therefore it holds up the electrochemical reductions, resulting in the behaviour as outlined 
above. 
This CEE mechanism is also operative in other solvents, among which acetonitrile, 
Ν,Ν-dimethylformamide, acetone and l:l(v:v)-acetonitrile/toluene mixtures, as seen from 
the scan rate dependence of the current function, i /(Cv ). However, the reoxidation of 
[Pt(AuPPh3)g] in these solvents occurs only partly as seen by the less intense reoxidation 
wave. This is ascribed to a chemical following reaction between 2 and [Pt(AuPPh3)g] in 
the afore-mentioned solvents yielding [Pt(H)(AuPPh3)8]+ (vide infra). A typical cyclic 
voltammogram for the 1 :l(v:v)-acetonitrile/toluene solution is shown in Figure 2.6; it 
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Figure 2.6: (A, top) Cyclic voltammogram of [Pt(AuPPh3)g] under H2-atmosphere in a 
1:1(v:v)-acetonitrile/toluene solution at 20°C (1 V/s) and (B, bottom) at -2CPC (1 V/s); 
note that the potential axes of the figures differ slightly. 
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qualitatively the phenomena are reproducible. The decrease in reoxidation of [Pt(Au-
PPh3)8] is always matched by an increase in the oxidation wave at -0.72 V, which was 
independently characterized as belonging to the two electron oxidation of [Pt(H)(Au-
PPh3)8]+ (vide infra). This observation is explained by the reaction of 2 as acid with the 
electrochemically produced cluster [Pt(AuPPh3)8]° as a base: 
[Pt(H)2(AuPPh3)g]2+ (2) + [Pt(AuPPh3)8]° - 2 [Pt(H)(AuPPh3)8]+ (3) 
This view is supported by the scan rate dependence of the decrease in reoxidation of 
[Pt(AuPPh3)g]° and the matching increase of the oxidation wave of [Pt(H)(AuPPh3)8]+: 
high scan rates result in little decrease of this reoxidation of [Pt(AuPPh3)8] , whereas this 
decrease is rather pronounced for low scan rates. Apparently reaction (3) is of intermediate 
rate on cyclic voltammetric time scales. Controlled potential electrolysis in this aceto-
nitrile/toluene solvent only revealed the presence of [Pt(H)(AuPPh3)8]+, and therefore 
shows that in this long term experiment reaction (3) is complete (vide infra). 
Deprotonation of 2 by other bases than [Pt(AuPPh3)8]° is also observed as shown below 
and in chapter 3. 
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Ρ NMR experiments showed that in all studied solvents [Pt(AuPPh3)8]° does not react 
with H2; this is in agreement with the (8σ)2(Ρσ) electron configuration of this cluster. 
3 1 P NMR experiments showed that [Pt(AuPPh3)8]+ in acetonitrile/toluene reacts with H2 to 
yield the monohydride [Pt(H)(AuPPh3)8]+. This is most probably due to the reaction 
between [Pt(H)2(AuPPh3)8]2+ and [Pt(AuPPh3)8]°, according to reaction (3); both species 
are present in solution due to disproportionation of [Pt(AuPPh3)8]+ in [Pt(AuPPh3)8]° and 
[Pt(AuPPh3)8]2+. 
In the afore-mentioned acetonitrile/toluene solution the cyclic voltammogram reveals, in 
addition to the waves described above, a broad oxidation wave at a potential between the 
reoxidation of [Pt(AuPPh3)8]° and the oxidation of [Pt(H)(AuPPh3)8]+. The peak potential 
of this wave depends on the scan rate used, and shifts about 65 mV more positive per 
decade increase in scan rate (this amount of shifting is independent of the temperature). 
The current of this wave increases with increasing scan rate at the expense of the 
reoxidation of [Pt(AuPPh3)g]° at -1.6 V.33 On lowering the temperature the intensity of 
this wave also increases and the position shifts towards more positive potentials (Figure 
2.6). It is believed that this broad oxidation wave is due to the oxidation of strongly 
adsorbed [Pt(AuPPh3)8] on the electrode. Adsorption on the electrode is probably due to 
a more polar solvent environment at this electrode as compared to the bulk solution. 
Adsorption results in a postwave for the reoxidation of [Pt(AuPPh3)g] , following at more 
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positive potentials the peak for the diffusion-controlled reoxidation of [Pt(AuPPh3)8] to 1 
in solution. This is due to the greater stability with respect to reoxidation of strongly 
adsorbed [Pt(AuPPh3)8]° as compared to solution [Pt(AuPPh3)g]°. The increase in intensity 
and the positive shift of the oxidation wave of the adsorbed [Pt(AuPPh3)g]° when lowering 
the temperature is in agreement with that expected for a postwave due to adsorption. 
Reaction (3) is not observed as a following reaction to the CEE mechanism in dichloro-
methane, not even in the long term controlled potential electrolysis experiments in this 
solvent,33 because this solvent does not support H+ transfer from 2 to [Pt(AuPPh3)8] . 
Adsorption waves are also not observed in dichloromethane. 
2.3.2.2 Electrochemical Characterization of [Pt(H)(AuPPh3)8]+ 
The cluster compound [Pt(H)(AuPPh3)g]+ is (in situ) prepared by exhaustive electro-
chemical reduction of [Pt(AuPPh3)8] under H2-atmosphere in the afore-mentioned 
acetonitrile/toluene mixture at -1.80 V. This controlled potential electrolysis was carried 
out with a gold electrode for reasons explained in the experimental section; one Faraday of 
charge per mole of cluster 1 was consumed (viz., n=1.07 at 3 % of the initial current). 
Cyclic voltammetry showed that no [Pt(AuPPh3)g]° was present in the resulting solution, 
and that the only species formed could be oxidized at -0.72 V. Ρ NMR characterization 
of this product showed it to be [Pt(H)(AuPPh3)8]+.6 These observations are in agreement 
with the proposed sequence, in which one electron per formed [Pt(H)(AuPPh3)g]+ is 
consumed: 
[Pt(AuPPh3)8]2+ + 2 e " *~ [Pt(AuPPh3)g]° (2') 
[Pt(H)2(AuPPh3)g]2+ + [Pt(AuPPh3)g]° - 2 [Pt(H)(AuPPh3)8]+ (3) 
The (Sa)2(P°)6 cluster [Pt(H)(AuPPh3)g]+ exhibits a two electron oxidation process in 
the afore-mentioned acetonitrile/toluene solution under ^-atmosphere: the value found for 
the peak separation ΔΕ =41 mV in cyclic voltammetric experiments at 0.1-2.0 V/s, 
indicates that in this case an ЕЕ mechanism is operative at E1/2=-0.72 V (Table 2.2). This 
is in agreement with the general experience that almost all stable mixed metal-gold 
clusters show two electron transfer processes between (8σ)2(Ρσ)4 and (Sa)2(P°)6 electron 
configurations, or vice versa. As E1 / 2 and the current function i у(С 1/2) (in which i is 
the anodic peak current) are constant over a large range of scan rates (0.1-10 V/s) this 
oxidation process is electrochemically reversible, i.e. shows fast kinetics. However, as 
21 






































(a) Prepared in situ by reductive electrolysis of [Pt(AuPPh3)8]2+ in l:l(v:v)-
acetonitrile/toluene solution under H2-atmosphere (see text). 
the observed ratios ib/if range from 0.22 (at 0.1 V/s) to only 0.68 (at 10 V/s) it is 
concluded that this process is chemically not reversible. Cyclic voltammetry shows that 
[Pt(AuPPh3)g]2+ is formed after oxidizing [Pt(H)(AuPPh3)8]+, which indicates a quite fast 
decomposition of the formed (Pt(H)(AuPPh3)g]3+: 
[Pt(H)(AuPPh3)8]3+ — [Pt(AuPPh3)8]2+ + H+ (4) 
This fast decomposition is in agreement with the observation that stable 16-electron 
hydride compounds, without π-donor ligands, are rare. · 
Exhaustive oxidative controlled potential electrolysis of [Pt(H)(AuPPh3)g]+ under N2-
atmosphere showed that one Faraday of charge per mole cluster was transferred. 
However, from cyclic voltammetry it was shown that two electrons are involved in the 
oxidation of this cluster (see above). Therefore it can be concluded that in the long term 
electrolysis the oxidation process is followed by a chemical reaction in which half the 
amount of [Pt(H)(AuPPh3)8]+ is consumed. The two electron oxidation of [Pt(H)(Au-
PPh3)8]+, reaction (5), is followed by the fast decomposition of the formed compound 
[Pt(H)(AuPPh3)8]3+, reaction (4), and by the subsequent reaction of the proton with the 
starting cluster, which now acts as a base (reaction (6)): 
[Pt(H)(AuPPh3)8]+ [Pt(H)(AuPPh3)8]3+ + 2 e" (5) 
[Pt(H)(AuPPh3)8]3+ ^ [Pt(AuPPh3)8]2+ + H+ (4) 
[Pl(H)(AuPPh3)8]+ + H+ — H 2 + [Pt(AuPPh3)8]2+ (6) 
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In this way the experimentally determined net transfer of one electron per molecule 
[Pt(H)(AuPPh3)8]+ is explained by the net reaction (7): 
2 [Pt(H)(AuPPh3)8]+ ^ H2 + 2 [Pt(AuPPh3)8]2+ + 2 e" (7) 
This mechanism is also in agreement with the exclusive observation of [Pt(AuPPh3)g]2+ 
after this oxidative electrolysis, as characterized by cyclic voltammetry. 
2.3.2.3 Oxidation of [Pt(H)(AuPPh3)8]+ in pyridine under H2-atmosphere 
Dissolving [Pt(AuPPh3)g]2+ in pyridine under H2-atmosphere quantitatively yields the 
monohydride [Pt(H)(AuPPh3)g]+ according to reaction (8) (see also chapter 3): 
[Pt(AuPPh3)8]2+ + H2 +C5H5N "-[Pt(H)(AuPPh3)8]+ + C5H5NH+ (8) 
We already mentioned that [Pt(AuPPh3)8]° could act as a base to [Pt(H)2(AuPPh3)8]2+. 
Obviously pyridine can also deprotonate the dihydride. Cyclic voltammograms (at different 
scan rates) of this monohydride in pyridine under H2-atmosphere are shown in Figure 2.7. 
When extending the potential range of Figure 2.7 no (reduction) waves from [Pt(Au-
PPh3)8] are present but an irreversible reduction of the pyridinium ion, C5H5NH+, is 
observed at -1.4 V (this assignment was checked by electrochemical reduction of 
independently prepared pyridinium nitrate). The two electron oxidation wave of 
[Pl(H)(AuPPh3)8]+ is again observed near -0.72 V; however this oxidation wave is not 
clearly peak-shaped and instead a high plateau current is observed, depending on the scan 
rate used (see Figure 2.7). Such a shape and behaviour is indicative of a catalytic 
mechanism in which the electroactive species is rapidly regenerated by a nonelectroactive 
species present in large excess. The diagnostic criteria for such a catalytic mechanism 
are fully satisfied (Figure 2.7): (i) ipa/v1/2 increases markedly with decreasing scan rates, 
(ii) i
 a reaches a limit value (plateau), and (iii) it/ipO, i.e. there is no backward current. 
In the system under study this means that [Pt(H)(AuPPh3)8]+ is oxidized: 
[Pt(H)(AuPPh3)8]+ — [Pt(H)(AuPPh3)8]3+ + 2 e" (5) 
The oxidation product then transfers a proton to the basic solvent: 
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Figure 2.7: Cyclic voltammogram of [Pt(H)(AuPPh3)8]+ in pyridine under H2-atmosphere 
(different scan rates, 20PC). 
The product [Pt(AuPPh3)8]2+ immediately reacts with H2 and pyridine to regenerate the 
starting cluster [Pt(H)(AuPPh3)8]+ (reaction (8)) which is thereupon promptly oxidized, 
thereby closing the catalytic cycle in which H2 is oxidized according to the net 
reaction (10). 
H2 + 2C5H5N 2C5H5NH+ + 2c" (10) 
2.3.3 Catalytic PtAu-Cluster/H2 Systems 
The fast H2-D2 equilibration catalysis observed8 for 1 in nitrobenzene solution (turnover 
frequency=0 065 s~' at 30°C and ca 1 bar total pressure) and as solid (turnover frequen-
cy^.0 s_1) indicates the reversible interaction of a second H2 or D2 molecule with the 
(S0)2(P°)6 cluster 2 with fast Η-D exchange. This general hypothesis is supported by the 
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Observation that the (Se)2(P°)6 hydride containing cluster [Pt(H)(PPh3)(AuPPh3)7](N03)2 
is also a good H2-D2 equilibration catalyst, even better than 1 (turnover frequency= 
0.12 s- 1; nitrobenzene solution at 30°C and a total pressure of 1 bar28). 
Given the rate of H2-D2 equilibration catalysis for 1, the formation of the dihydride 2 
can not be the rate determining step. Neither is the gas-solution diffusion rate-limiting, 
because it is known that this H2-D2 equilibration reaction is first-order in cluster 
concentration. Interaction of a second H2 or D2 molecule with 2 is the crucial step to 
obtain Η-D exchange; phosphine dissociation in 2 is assumed to create a reactive species 
which has a coordinatively unsaturated gold atom to bind this second incoming H2 or 
D 2 .
3 2
 Such phosphine dissociation step for cluster activation raises interesting questions 
about the nature of the multi-hydride species needed to get Η-D exchange. Work in 
progress is directed towards a more profound understanding of the mechanism of this 
catalytic reaction for a series of PtAu cluster compounds and towards the mechanism for 
the solid state catalysis. 
Cluster compound 1 also shows a strong catalytic effect on the formation of water from 
air and H2 at room temperature and atmospheric pressure. Solid samples as well as 
solutions of 1 in contact with air and H2 rapidly get wet. The reaction 2D2+02«2D20, 
with 1 as catalyst in the solid-state, was monitored by mass spectroscopy and has a rate 
which is similar to that observed for H2-D2 equilibration.
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 Work is in progress to further 
elucidate this system. 
Cluster 1 also shows catalytic activity for the hydrogénation of ethylene to ethane in the 
solid-state as well as in methanol solution; for both systems the turnover frequencies are 
ca. 510 - 5 s_1, which is considerably less than for H2-D2 exchange (see above). 
Dichloromethane and acetone solutions of 1 show no hydrogénation of the ethylene. The 
reasons for this inhibition are not known. [Pt(PPh3)(AuPPh3)6](N03)2 is as active as 1, 
however [Pt(AgN03)(AuPPh3)g](N03)2 shows to be inactive towards ethylene hydro-
génation catalysis in solution as well as in the solid-state; this might be related to the 
irreversible bonding of H2 by this latter cluster, as seen in chapter 3. Research is in 
progress to study the factors influencing the catalytic hydrogénation of olefines by such 
PtAu clusters.15 
In single-crystals, used for the X-ray structure determination of 1, solvent molecules 
were found to be situated in the voids between the rather big cluster molecules. These 
solvent molecules easily evaporate, leaving an intermolecular porosity. This porosity 
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permits gases like ethylene, 02, H2 and D2 to penetrate into the solid-state, while products 
like ethane and water are able to diffuse out of the solid catalyst. 
In this chapter it was shown that [Pt(AuPPh3)g](N03)2 (1) reacts rapidly and reversibly 
with H2 to give the dihydride [Pt(H)2(AuPPh3)8](N03)2 (2) in solution as well as in the 
solid-state. The electrochemistry of the system [Pt(AuPPh3)g]2+/H2 was studied in different 
solvents and a CEE mechanism was shown to be operative (except in pyridine solution). 
Further it was shown that the dihydride 2 could react as an acid towards the base 
[Pt(AuPPh3)g]° resulting in the monohydride [Pt(H)(AuPPh3)g]+ in solvents that allow H+ 
transfer; this monohydride was also formed when using pyridine as a base. The 
monohydride cluster is electrochemically interesting in that electrochemical steps are 
followed by chemical steps. 
Finally it was shown that [Pt(AuPPh3)g](N03)2 and related PtAu clusters could act as 
catalysts towards H2-D2 equilibration reactions and towards the hydrogénation of oxygen 
and ethylene. Detailed studies focused on the mechanisms of these catalytic reactions are 
in progress by the research group of Prof. L.H. Pignolet at the University of Minnesota. 
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Chapter 3 
Cluster Growth: Some Representative 




During recent years the development of metal cluster chemistry has attracted consider-
able interest because cluster compounds form a link between individual atoms and bulk 
metal. Clusters can be seen as well-defined molecular models for bulk-metals. Cluster 
compounds can mimic for example catalytic reactions occurring at metal surfaces. · 
Another point of interest is the nucleation of small metal particles which can be studied by 
analogy with cluster growth reactions.3 
An extensive number of mixed metal-gold clusters is known, consisting of 1-12 gold 
atoms, with various metal atoms in the centers of these clusters, these compounds are 
stabilized by ligands on the periphery, e.g. phosphines. 
It is known from mixed metal-gold cluster chemistry that cluster growth often takes 
place by means of electrophilic addition of M^-units (M=Au, ,8,9 Ag, , n Cu12). Another 
important pattern is oxidative addition of H2 followed by electrophilic substitution of H+ 
by Au(I) cations. Considerations of this kind have recently led to a large number of new 
cluster compounds, among which the platinum-gold cluster [Pt(AuPPh3)8]2+ (ref. 13); this 
cluster has a central platinum atom surrounded by 8 AuPPh3 groups. The proposed 
mechanism of formation of this cluster compound, given in eq 1 to eq 5, is supported by 
This chapter has been submitted for publication in Inorganic Chemistry by 
T.G.M.M. Kappen, P.P.J. Schlebos, J.J. Bour, W.P. Bosman, G. Beurskens, J.M.M. Smits, 
P.T. Beurskens and J.J. Steggerda. 
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independent full characterization of several of the proposed intermediates 
Pt(PPh3)3 + 2 Au(PPh3)(N03) •-
[Pt(N03)(PPh3)2(AuPPh3)2]+ + PPh3 + N 0 3 _ (1) 
[Pt(N03)(PPh3)2(AuPPh3)2]+ + H2 ^ 
[Pt(H)2(PPh3)2(AuPPh3)2]2+ + N0 3 - (2) 
[Pt(H)2(PPh3)2(AuPPh3)2]2+ + 4 Au(PPh3)+ + H2 — 
[Pt(PPh3)(AuPPh3)6]2+ + 4 H+ + PPh3 (3) 
[Pt(PPh3)(AuPPh3)6]2+ + H2 + Au(PPh3)+ 
[Pt(H)(PPh3)(AuPPh3)7]2+ + H+ (4) 
[Pt(H)(PPh3)(AuPPh3)7J2+ + 2 Au(PPh3)+ + NEt3 «~ 
[Pt(AuPPh3)8]2+ + Au(PPh3)2+ + NEt3H+ (5) 
The (Sa)2(P<J)4 (16-electron) cluster compound [Pt(AuPPh3)g]2+ reacts rapidly and fully 
reversibly with dihydrogen at ambient pressures and temperatures to give the (S°) (P°) 
(18-eIectron) dihydnde [Pt(H)2(AuPPh3)g]2+ (ref 17) 
This dihydnde gives rise to new cluster compounds through electrophilic substitutions 
and electrophilic additions of Ag(I), Cu(I) and Au(I) units 1 8 In this chapter we report two 
new hydride containing PtAuAg-clusters prepared in this way 
[Pt(H)(AgN03)(AuPPh3)8](N03) (1) and [Pt(H)(AgN03)2(AuPPh3)g](N03) (2) These two 
tnmetalhc (5σ) 2(Ρσ) 6 (18-electron) clusters are very active catalysts in H2-D2 equilibration 
reactions 1 9 We also report the formation of [Pt(H)(AuPPh3)g]+ (3) by deprotonation of the 
dihydnde using a basic solvent like pyridine. These reactions can be seen as important 
representative steps with respect to cluster growth mechanisms 
A large variety of heterometalhc hydndo compounds containing gold (or silver) is 
known from literature The presence of hydride-bridges between the gold (or silver) and 
the hetero metal-atom in these compounds is well-established either from direct or indirect 
observation by X-ray diffraction,20"23 by spectroscopic data, or potential energy 
calculations 2 1 ' 2 2 
In a few cases terminal hydndes were observed in the solid state structures of afore­
mentioned heterometalhc compounds, the structures of these compounds in solution, 
however, often show the presence of bridging hydnde ligands 
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3.2 Experimental Section 
3.2.1 Measurements 
Elemental analyses were carried out at the microanalytical department of the University 
of Nijmegen. ICP analyses, giving Pt:Au:Ag:P ratios, were carried out on a Plasma 200 
ICP-AE spectrometer in DMSO solutions of the cluster compounds with [Pt(AgN03)(Au-
PPh3)8](N03)2 (rcf. 11) and [Pt(PPh3)(AgN03)3(AuPPh3)6] (ref. 26) used for calibration. 
3 1P( 1H) NMR spectra of CH2C12 (or CH3OH) solutions were recorded on a Bruker 
WM-200 spectrometer operating at 81.015 MHz, on a Bruker CXP-300 spectrometer at 
121.442 MHz and on a Bruker AM-500 spectrometer operating at 202.462 MHz with 
trimethylphosphate (TMP) in CD2C12 (or CD3OD) as external reference; Ή NMR spectra 
were recorded in CD2C12 solutions on a Bruker WM-200 spectrometer operating at 
200.13 MHz with tetramethylsilane (TMS) as reference. The 1 9 5Pt NMR spectra were 
recorded at 43.02 MHz on a Bruker WM-200 spectrometer in CD2C12 solutions with 
K2PtCl6 in D 2 0 as external reference (for reasons of stability the 1 9 5Pt NMR spectra of 
[Pt(H)(AgN03)2(AuPPh3)g](N03) (2) were accumulated under dihydrogen atmosphere). 
Phosphorus decoupling during Pt NMR experiments was performed with a PTS 200 
synthesizer. The infrared (IR) spectra of solid samples were measured in Csl pellets on a 
Perkin-Elmer 1720-X Fourier transform infrared spectrometer; solution IR spectra were 
taken from CH2CI2 solutions between NaCl crystals. Electrical conductivity measurements 
were performed on a Metrohm E365B Konduktoskop with the use of a Unicam Pt-
electrode conductivity cell. Acidimétrie titrations to determine the number of released 
protons were carried out in methanol-water mixtures using aqueous NaOH solutions as 
titrant; the equivalence point was determined with a pH-sensitive electrode. 
3.2.2 Preparations 
[Pt(AuPPh3)8](N03)2 and [Pt(AgN03)(AuPPh3)g](N03)2 were prepared according to 
literature methods.14·11 This is also the case for Ag(PPh3)(N03) and [Ag(PPh3)Cl]4.27 All 
solvents were of reagent grade and were used without further purification, except for those 
used in the synthesis of [Pt(H)(AuPPh3)g](N03) (3) which were purified according to 
literature prescriptions. 
[Pt(H)(AgN03)(AuPPh3)8](N03)[(l)] 
A) An 80-mg (0.020-mmol) sample of [Pt(AuPPh3)g](N03)2 was dissolved in 7 mL of 
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methanol. Di hydrogen was bubbled through this solution for 15 minutes upon which the 
colour changed from brown to red-brown; 2 mL of methanol, in which 4.0 mg (0.024 
mmol) AgNOj was dissolved, was subsequently added under dihydrogen atmosphere. 
After 5 hours of stirring the colour of the reaction mixture had changed from red-brown to 
deep red; the dihydrogen atmosphere was replaced by air and the volume of the reaction 
mixture was reduced to 50 % by evaporation under reduced pressure. Cluster 1 was 
precipitated as an orange-red powder by addition of diethylether (yield: 52 mg, 0.013 
mmol; 65 %, calculated for Pt). 
B) A 50-mg (0.012-mmol) sample of [Pt(AgN03)(AuPPh3)g](N03)2 was dissolved in 
30 mL of methanol; 500 mg (8.9 mmol) КОН was added to this brown solution under 
vigorous stirring. After the KOH was dissolved the volume of the red solution was 
reduced to 10 mL and a red precipitate was obtained by adding 40 mL of water. This 
precipitate was then filtered off. This red solid 1 was washed twice with 50 mL of water 
and finally with 20 mL of diethylether (yield: 44 mg, 0.011 mmol; 90 %, calculated for 
Pt). 
C) A 50-mg (0.012-mmol) sample of [Pt(AgN03)(AuPPh3)8](N03)2 was dissolved in 
5 mL of dichloromethane (or methanol). Dihydrogen was bubbled through this solution for 
15 minutes while the colour of the reaction mixture changed from brown to red. The 
reaction vessel was then closed under dihydrogen atmosphere. After 1 hour the vessel was 
opened to air and the solution was evaporated under reduced pressure to a volume of 
1 mL. A red precipitate, obtained upon addition of diethylether to this solution, was 
filtered off and washed with water and diethylether. Red crystals of [Pt(H)(AgN03)(Au-
PPh3) g](N03) were obtained by slow diffusion of diethylether in a methanol solution of 
the sample (yield: 45 mg, 0.011 mmol; 91 %, calculated for Pt). 
Anal. Caled for PtAu 8AgP 8C 1 4 4H 1 2 1N 20 6 (mol wt 4102.02): C, 42.16; H, 2.97; N, 0.68. 
Found: C, 42.04; H, 3.04; N, 0.70. ICP: Pt:Au:Ag:P=l:8.0:1.0:7.9. IR(solid): in addition to 
several absorption bands characteristic for the PPh3 ligands, only bands at 1351 cm
- 1 
(broad), originating from uncoordinated N 0 3 , and at 1292 cm from coordinated N 0 3 
could be observed. IR(solution): only absorption bands from PPh3 and uncoordinated N 0 3 
were present. 3 1 P NMR (CH3OH): 8=56.2 ppm with V(P-,95Pt)(doublet)=410 Hz and 
V(P-Ag)(doublet)=21 Hz. 3 1 P NMR (CH2C12): 5=54.7 ppm with 27(P-195Pt)(doublet)= 
412 Hz and 37(P-Ag)(doublet)=19 Hz. Ή NMR (hydride): δ=+1.74 ppm with 27(H-Ag) 
(doublet)=19.7 Hz and V(H-31P)(nonet)=12.5 Hz; 'j(H-195Pt) could not be observed due 
to the low S/N ratio of this hydride signal. l 9 5 Pt NMR: δ=-6036.0 ppm with './(Pt-'H) 
(doublet)=716 Hz, 'y(Pt-l09Ag)(doublet)=487 Hz, './(Pt-107Ag)(doublet)=425 Hz and 2/(Pt-
31P)(nonet)=412 Hz. Conductivity in methanol at 25°C A
m
°=224 Scm 2mol" 1. 
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Precipitation of 1 from the methanol solution of synthesis (C) with water instead of with 
diethylether and subsequent acidimétrie titration of this methanol-water mixture revealed 
the presence of one released proton per Pt (see Results and Discussion); additional 
experiments showed that 1 is stable with respect to water. 
[PtfllKAgClXAuPPh^KPF^ 
To a brown solution of 50 mg (0.012 mmol) [Pt(AgN03)(AuPPh3)g](N03)2 in 30 mL of 
methanol, 500 mg (8.9 mmol) КОН was added. This mixture was stirred until all the 
KOH was dissolved. The solution was then evaporated to dryness under reduced pressure. 
The red solid was purified by solving it in 20 mL of dichloromethane and filtrating a 
white residue after which the red filtrate was evaporated to dryness under reduced 
pressure; this procedure was repeated three times. The red solid was then dissolved in 
2 mL of dichloromethane and 50 mg (0.13 mmol) tetra-n-butylammoniumhexafluoro-
phosphate was added After stirring for 15 minutes 25 mL of methanol was added and the 
solution was evaporated until a red precipitate was observed. The red solid [Pt(H)(AgCl)-
(AuPPh3)g](PF6) was filtered off and washed with methanol and diethylether (yield: 
39 mg, 0.0094 mmol; 78 %, calculated for Pt). 
ICP analysis· Pt:Au:AgP=18.1:1.0:8.1. The IR spectrum (Csl) shows a Ag-Cl 
stretching vibration at 258 cm - 1, a band at 840 cm - 1 originating from PF6~ and several 
absorption bands characteristic for the PPh3 ligands; no bands originating from coordinated 
or uncoordinated N 0 3 could be observed.
 3 1 P NMR (CH3OH): δ=55.3 ppm with 2J(P-
195Pt)(doublet)=414 Hz and 37(P-Ag)(doublet)=18 Hz. 3 I P NMR (CH2C12): 5=54.0 ppm 
with 27(P-195Pt)(doublet)=411 Hz and 37(P-Ag)(doublet)=17 Hz. 
[Pt(H)(AgN03)2(AuPPh3)8](N03)[(2)] 
A) To a solution of [Pt(H)(AgN03)(AuPPh3)8](N03) (1) (50 mg, 0.012 mmol) in 7 mL 
of methanol, a solution of 2.6 mg (0.015 mmol) AgN0 3 in 1 mL of methanol was added 
dropwise. This mixture was stirred for 2 hours while the colour changed from deep red to 
dark red. The solution was then partially evaporated and a red precipitate was obtained by 
addition of diethylether The red solid 2 was filtered off and washed with 20 mL of water 
and 15 mL of diethylether (yield: 43 mg, 0.010 mmol; 84 %, calculated for Pt). 
B) An 8.3-mg (0.049-mmol) sample of AgN0 3 was dried in vacuum ( 1 0 - 3 mbar) for 2 
hours and subsequently dissolved in 1 mL dried acetonitrile under inert nitrogen atmos-
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phere. This was then added to a solution of 80 mg (0.020 mmol) [Pt(H)(AuPPh3)g](N03) 
(which was prepared according to the method described in this chapter, vide infra) in 
5 mL dried dichloromethane. This solution was stirred for 2 hours under a nitrogen 
atmosphere, because of the sensitivity of [Pt(H)(AuPPh3)g](N03) towards moisture and air. 
The solution was then evaporated to dryness under reduced pressure and a brownish-red 
powder was obtained. The 3 1 P NMR (CH2C12) of this powder in air revealed the presence 
of 2 amongst [Pt(AuPPh3)8](N03)2 and [Pt(AgN03)(AuPPh3)8](N03)2 in about 50 % yield 
(attempts to purify this mixture were not made). 
C) Dihydrogen was bubbled through a solution of [Pt(AuPPh3)g](N03)2 (100 mg, 
0.025 mmol) in 10 mL of methanol for 5 minutes; after this 8.5 mg (0.050 mmol) AgN03 
was added while stirring. Dihydrogen was bubbled through for ten more minutes. The 
reaction vessel was then closed under a dihydrogen atmosphere and the mixture was 
stirred for 1 hour. The red solution was evaporated to dryness; the dark red powder was 
washed with water and diethylether. Dark red crystals of [Pt(H)(AgN03)2(AuPPh3)g](N03) 
were obtained by slow diffusion of diethylether in a methanol solution of the product 
(yield: 102 mg, 0.024 mmol; 96 %, calculated for Pt). 
Anal. Caled for PtAu gAg2P8C1 4 4H1 2 1N309 (mol wt 4271.90): C, 40.49; H, 2.85; N, 
0.98. Found: C, 40.32; H, 2.89; N, 1.02. ICP: Pt:Au:Ag:P=l:8.0:2.1:7.9. IR(solid): bands 
at 1346 cm - 1 (broad), originating from uncoordinated N 0 3 and at 1286 cm- 1 from 
coordinated N0 3 ; several bands characteristic for the PPh3 ligands. IR(solution): in 
addition to the bands from the PPh3 ligands, a band at 1351 cm (broad) from 
uncoordinated N 0 3 and a band at 1295 cm
- 1
, originating from coordinated N0 3, could be 
observed; the relative intensity of the band from coordinated N0 3 was roughly halved 
with respect to the IR spectrum of the solid sample. 3 1 P NMR (CH3OH): 5=60.0 ppm 
with 27(P-195Pt)(doublet)=406 Hz and 37(P-Ag)(triplet)=20 Hz. 3 1 P NMR (CH2C12): 
5=58.6 ppm with 2y(P-195Pt)(doubIet)=407 Hz and 37(P-Ag)(triplet)=19 Hz. 1 9 5Pt NMR: 
5=-6347.6 ppm with 1y(Pt-1H)(doublet)=611 Hz, 17(Pt-109Ag)(triplet)=465 Hz, '/(Pt-
107Ag)(triplet)=405 Hz and 2/(Pt-3,P)(nonet)=407 Hz. Conductivity in methanol at 25°C 
Л
т
°=195 S c m 2 m o r 1 . Precipitation of 2 in the methanol reaction mixture of synthesis 
route (C) with water (instead of evaporating the solution to dryness) and subsequent 
acidimétrie titration of this methanol-water mixture (after additional experiments showed 
that 2 remained intact by this treatment) revealed the presence of one released proton per 
Pt (see Results and Discussion). 
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tPt(H)(AgCl)2(AuPPh3)8](N03) 
Dihydrogen was bubbled through a solution of 100 mg (0.025 mmol) [Pt(AuPPh3)g]-
(N03)2 in 10 mL of dichloromethane for several minutes, upon which a slight change in 
colour from brown to red-brown was observed. A 20.3-mg (0.0125-mmol) sample of 
[Ag(PPh3)Cl]4 was added and the reaction mixture was stirred under dihydrogen atmos­
phere for six hours. The colour gradually changed to deep red. The flask was then opened 
to air and the mixture was filtered to remove minor amounts of metallic contaminations. 
The red filtrate was evaporated to dryness under reduced pressure. Deep red crystals of 
[Pt(H)(AgCl)2(AuPPh3)g](N03) were obtained by slow diffusion of diethylether in a 
methanol solution of the sample (yield: 72 mg, 0.017 mmol; 68 %, calculated for Pt). 
ICP analysis: Pt:Au:Ag:P=l:7.9:2.0:7.9. IR(solid): in addition to the bands from the 
PPh3 ligands only absorption bands for uncoordinated N 0 3 (1349 cm - 1, broad) and for the 
Ag-Cl stretching vibration (257 cm- 1) were observed. 3 1 P NMR (CH2C12): 8=57.6 ppm 
with 27(P-195Pt)(doublet)=406 Hz and 37(P-Ag)(triplet)=16 Hz. Conductivity in methanol 
at 25°C A
m
°=93 Scm^mol- 1. When 100 mg (0.024 mmol) of [Pt(H)(AgN03)2(Au-
PPh3)g](N03) was dissolved in methanol and 3 mg (0.07 mmol) LiCl was added with 
subsequent stirring for three hours, the 3 1 P NMR only revealed the presence of 
[Pt(H)(AgCl)2(AuPPh3)8]+. This quantitative exchange of N 0 3 by CI gives further 
evidence for the composition of this cluster being [Pt(H)(AgCl)2(AuPPh3)gj+. 
[Pt(H)(AuPPh3)8](N03) [(3)] 
A 100-mg (0.025-mmol) sample of [Pt(AuPPh3)8](N03)2 was dissolved in 5 mL of 
pyridine under Schlenk conditions. Dihydrogen was bubbled through this solution for 10 
minutes upon which the colour changed from brown to dark red. After stirring for one 
hour under dihydrogen atmosphere the cluster [Pt(H)(AuPPh3)g](N03) was precipitated as 
a red powder by adding H2-saturated diethylether. The red precipitate was filtered under 
Schlenk conditions and washed with diethylether with subsequent drying in vacuum (yield: 
80 mg, 0.020 mmol; 80 %, calculated for Pt). 
IR(solid): in addition to the characteristic bands originating from the PPh3 ligands only 
a band from uncoordinated N 0 3 (1378 cm - 1, broad) could be observed. 3 , P NMR 
(CH2C12, Schlenk): 6=52.1 ppm with 2i(P-,95Pt)(doublet)=452 Hz. Ή NMR (hydride): 
δ=+5.4 ppm with 37(H-3lP)(nonet)=14.3 ;'7(H-,95Pt) could not be observed due to the low 
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S/N ratio of the hydride signal. 1 9 5Pt NMR: δ=-5673 ppm with V(Pt-'H)(doublet)= 
721 Hz and 27(Pt-31P)(nonet)=452 Hz. All these data are in perfect agreement with the full 
characterization given in ref. 29. 
3.2.3 Structure Determination of [(1)] and two phases of [(2)] 
Collection and Reduction of Crystallographic Data 
Since single-crystals of 1 and 2 decompose very quickly upon removal from the solvent, 
crystals were mounted in a capillary with a drop of solvent (a mixture of diethylether and 
methanol). X-ray reflection data were measured on an Enraf-Nonius CAD4 diffractometer. 
Standard experimental details are given elsewhere. Single-crystals of 1 appeared to be 
of reasonable good quality, although, as will be seen later, disorder and unknown solvent 
molecules caused quite some problems. Crystal data of 1 are given in Table 3.1. 
12419 reflections were measured (h: 0 to 18; к: 0 to 30; 1: -19 to 19); the drift curve 
showed no decomposition. 
Only very few crystals of 2 were available, and the only one which gave acceptable 
reflection intensities was used for data collection. Crystal data of 2 are given in Table 3.1. 
The crystal was not very good as can be seen from the inaccuracies in the cell dimensions 
(Table 3.1, column 2a). During measurements on the crystal of 2 a phase transition took 
place after measurement of about 4900 reflections (during 39 hours). The transition was 
indicated by a slow but continuous diminution of the intensities of the three monitoring 
reflections. The orientation matrix needed optimization several times allowing the 
measurement of another 1794 reflections (in about 16 hours). The drift curve for the initial 
4900 reflections increased from 1.00 to 1.04, and for the additional 1794 reflections from 
1.04 to 1.14. The 6694 reflections comprised a very incomplete dataset (h: 0 to 4; к: -17 
to 18; 1: -28 to 28). This first crystalline phase of 2 is denoted 2a. 
Visual inspection of the crystal showed no serious damage. On trying to redetermine the 
orientation matrix it was found that the unit cell had changed significantly, and conse­
quently the structure is at least slightly different. This phase of 2 is denoted 2b. As 
expected, the crystal of 2b was of poor quality (worse than that of 2a): the peak shapes of 
the reflections were about 1.8 times as broad as the corresponding peak shapes of 2a, and 
the cell dimensions were inaccurate. Nevertheless, because the dataset of 2a was very 
incomplete, and no other crystal was available, we also measured the reflection data of 2b. 
This resulted in 7881 reflections; the drift curve increased from 1.00 to 1.06 (h: 0 to 13; k: 
-12 to 13; 1: -21 to 21). The two data sets were used to solve the two corresponding 
(very similar) structures. 
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Table 3.1: Crystal data for 1, 2a and 2b 
compound/modification І 






































(a) calculated with estimated number of solve 
(Ъ) R=1\\F0\-\FC\ 
СЛ u,» -T\i.,IT 2_i 
№1 
Г 2\2/у.„/ F 2x2,1/2 
2a 2b 

































Solution and Refinement of the Structure of [(1)] 
The positions of the metal atoms were found from an automatic orientation and 
translation search (ORIENT,31 TRACOR32) with a PtAug fragment of the cluster 
compound [Pt(CO)(AgN03)(AuPPh3)8](N03)2 (ref. 11) as a search model, followed by a 
phase refinement procedure to expand the fragment (DIRDIF ). The phenyl rings were 
found by searching for the best fit when rotating an idealized phenyl ring around the 
appropriate axes (Au-P and P-C with Au-P-C=109°) in the Fourier map. At this stage the 
phenyl groups appeared to be disordered. As the cluster framework showed mirror 
symmetry, and the heavy atoms represented a structure in Pl^lm, this apparent disorder 
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could be ал artefact. Indeed it was possible to unravel the overlapping phenyl rings to 
obtain an asymmetric molecule which could be refined properly. Nevertheless, due to the 
disorder in the solvent area (see below) some of the phenyl rings showed rather large 
vibrational amplitudes. One nitrate ion was found coordinating to the silver atom. Another 
nitrate, and the proton on the platinum atom, which were indicated by the spectroscopic 
study and the analytical composition, were not found. Of the unknown amount of solvent 
molecules none could be detected. 
The structure was refined by full-matrix least-squares on F 0
2
 values using SHELXL 
with anisotropic parameters for the metal atoms. The phenyl rings and the coordinated 
nitrate were refined with constrained idealized geometry, and the hydrogen atoms on the 
phenyl rings were placed on calculated positions (C-H=0.93 Â). After refinement to an 
Л-value of 0.14 an additional empirical absorption correction based on F0-\FC\ was 
applied using DIFABS on the original unmerged F0 values. The corrected data were 
merged (^
merge=0.047, for the Okl reflections) and the structure refined to Д=0.084. To 
improve the refinement of the structure of the cluster we used the BYPASS method, · 
which allows the refinement of the ordered part of a structure in the presence of 
disordered solvent molecules. The procedure produces reflection data from which the 
contribution of the disordered solvent area has been subtracted, and these data are used in 
SHELXL34 to refine the ordered part of the structure. After the BYPASS procedure and 
subsequent least-squares refinement with restraints on the Au-P, P-C distances and C-P-C 
angles, convergence was reached at Ä=0.070. The function minimized was Zw(F0 - F c ) 
with vv=l/[<T2(Fo2)+(0.074f'c2)2]. A maximum residual density of 1.8 e/Â3 was found near 
the metal atoms. 
The BYPASS procedure calculated the volume of the solvent area as 820 À3 (12.6 
vol %). The electron count of the solvent area was 279 electrons per cell. From the 
density of liquid diethylether the volume of one disordered solvent molecule is estimated 
to be 170 À3. The volume of one N03 anion is of the same order of magnitude. If we 
assume all the solvent molecules in the crystal to be diethylether, their number can be 
calculated from the volume of the solvent area as obtained from the BYPASS procedure. 
Under the same assumption their number can be calculated from the total number of 
electrons in the solvent area as obtained by the same procedure. Thus the volume of the 
solvent area accounts for two uncoordinated N03 anions, as demanded by the elemental 
analysis of the cluster compound, and roughly three ether molecules per unit cell; the 
electron count of the solvent area agrees with two N03 anions and five ether molecules. 
Positional and thermal parameters of selected atoms are given elsewhere,38 and selected 
bond distances and angles are given in Table 3.2. The molecular structure of 1 is given in 
Figure 3.1 A.39 
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Table 3.2: Selected bond lengths (À) and bond angles (°)for 1, 2a and 2b 
































































































































Table 3.2 (continued) 






















































































































































Table 3.2 (continued) 






















































































































































Solution and Refinement of the Structure of [(2a)] 
The positions of the metal atoms were found from automatic Patterson interpretation 
(PATTY40) followed by a phase refinement procedure to expand the fragment (DIRDIF33) 
The phenyl rings were found by searching for the best fit when rotating an idealized 
phenyl ring around the appropriate axes (Au-P and P-C with Au-P-C=109°) in the Fourier 
map Two nitrate ions were found, each coordinated to a silver atom Another nitrate ion, 
and the proton on the platinum atom, which were indicated by the spectroscopic study and 
the analytical composition, were not found Of the unknown amount of solvent molecules 
none could be detected 
The structure was refined by full-matnx least-squares on F^ values using SHELXL^ 
with anisotropic parameters for the metal atoms The phenyl rings and the coordinated 
nitrate groups ions were refined with constrained idealized geometry, and the hydrogen 
atoms on the phenyl rings were placed at calculated positions (C-H=0 93 A) After 
refinement to an Л-value of 0 14, an additional empirical absorption correction based on 
F0-\FC\ was applied using DIFABS on the original unmerged F0 values The corrected 
data were merged (R
merge=0 043) and the structure refined to R=0 080 To further refine 
the structure of the cluster we used the BYPASS method 3 6 3 7 After two cycles of the 
BYPASS procedure and subsequent least-squares refinement with SHELXL, with 
restraints on the Au-P, P-C distances and C-P-C angles, convergence was reached at 
R=0 055 The function minimized was Zw(F0 2-F c 2)2 with w=l/[a2(Fo2)+(0 075 F c 2)2] A 
maximum residual density of 0 99 e/À was found near the metal atoms 
The BYPASS procedure calculated the volume of the solvent area as 1912 Á3 (24 5 
vol %) This volume accounts for two uncoordinated N03 anions, as demanded by the 
elemental analysis, and for ca 9 ether molecules per unit cell The electron count of the 
solvent area was 389 electrons per cell, which represents two N03 anions and roughly 8 
ether molecules 
Positional and thermal parameters of selected atoms are given elsewhere,38 and selected 
bond distances and angles are given in Table 3 2 The molecular structure of 2a is given 
in Figure 3 4A 
Solution and Refinement of the Structure of [(2b)] 
As the unit cell dimensions of 2a and 2b differ only slightly and the crystal kept its 
shape after the transition, it was assumed that the structures did not differ much Thus to 
solve the structure the positions of the metal atoms of 2b were taken from 2a, followed by 
a phase refinement procedure to locate the phosphorous atoms and some light atoms 
(DIRDIF33) The phenyl rings and two nitrate ions were found as in the structure deter-
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mination of 2a. The third nitrate ion and the proton on the platinum atom were not found. 
Of the unknown amount of solvent molecules none could be detected. 
The structure was refined analogously to 2a. After refinement to an Ä-value of 0.14 a 
DIFABS35 correction was applied. The corrected data were merged {Rm =0.057) and the 
structure refined to Ä=0.11. To improve the refinement of the structure of the cluster we 
used the BYPASS method.3637 After two cycles of the BYPASS procedure and subse-
quent least-squares refinement with SHELXL, with restraints on the Au-P, P-C distances 
and C-P-C angles, convergence was reached at /J=0.090. The function minimized was 
Zw(F02-Fc2)2 with w=l/[o2(fo2)+(0.067-Fc2)2]. A maximum residual density of 3.91 e/À3 
was found near the metal atoms. 
The BYPASS procedure calculated the volume of the solvent area as 1642 À (21.5 
vol %). This volume accounts for two uncoordinated N03 anions and roughly 8 ether 
molecules. The electron count of the solvent area was 255 electrons per cell, which 
represents two N03 anions and roughly 5 ether molecules. 
Positional and thermal parameters of selected atoms are given elsewhere, and selected 
bond distances and angles are given in Table 3.2. 
Note about the similarity of 2a and 2b: the unit cell volumes of 2a and 2b differ 
slightly due to the loss of solvent molecules when the transition took place. Projection of 
the two clusters on top of each other showed that a few phenyl rings have small 
differences in orientations. As the differences of the metal-phosphorous skeletons are 
insignificant, we will refer to the structures 2a and 2b as structure 2 in the discussion of 
the molecular structures. Therefore the molecular structure of 2b is not shown separately. 
3.3 Results and Discussion 
3.3.1 Synthesis, Characterization and Crystal Structure of 
[Pt(H)(AgN03)(AuPPh3)8](N03)[(l)] 
The mixed PtAuAg-cluster compound [Pt(H)(AgN03)(AuPPh3)8](N03) (1) can be 
obtained from a number of reactions (Figure 3.6). 1 is obtained from the reaction of 
[Pt(AuPPh3)8](N03)2 with AgN03 in methanol under dihydrogen atmosphere. Because we 
know that the addition of H2 is a very fast reaction as compared to the addition of Ag+, 
we think that after oxidative addition to give [Pt(H)2(AuPPh3)8](N03)2 (ref. 17), one of 
the H-ligands is replaced by electrophilic substitution of AgN03. 1 can also be obtained 
from the reaction of [Pt(AgN03)(AuPPh3)8](N03)2 in alkaline methanol; this reaction 
probably proceeds through nucleophilic attack of the methanolate ion to the platinum atom 
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Figure 3.1: (A, top) X-ray structure of 1 with atom labeling for Au, Ag, Pt and P. Phenyl 
rings and N03 groups have been omitted for the sake of clarity. Thermal ellipsoids are at 
50 % probability. 
(B, bottom) Schematic representation of the metal core of 1. The platinum atom which 
occupies the center of the incomplete icosahedron has been omitted for the sake of clarity. 
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and subsequent ß-H transfer to give 1 and formaldehyde, in analogy with published 
methods to prepare other hydride containing mixed metal-gold clusters.29 The reaction of 
[Pt(AgN03)(AuPPh3)g](N03)2 with dihydrogen in dichloromethane (or methanol) is the 
third way of synthesis that gives 1 in high yield. 1 was characterized by elemental 
analysis, ICP analysis, conductometry in methanol and IR, Ή NMR, 3 , P NMR and 
1 9 5Pt NMR spectroscopy. The solid-state structure of this cluster compound was 
determined by means of a single-crystal X-ray analysis. 
3 1 P NMR Spectroscopy 
The 3 1 P NMR spectrum of 1 (CH2C12) consists of one signal at 5=54.7 ppm with v(P-
,95Pt)=412 Hz and 37(P-Ag)=19 Hz. The single nature of this signal is due to the fluxional 
behaviour of the phosphine sites of this cluster; this phenomenon is commonly observed 
for this type of cluster compounds.5,41 The magnitude of the J(P-195Pt) is in the range 
normally found for a 2 / coupling through a gold nucleus.11·13' 9 ' 4 2 Therefore, this NMR 
appearance explicitly shows that the platinum atom is in the center-position of this cluster 
surrounded by AuPPh3 units. The doublet structure of the
 3 1 P NMR signal, arising from 
the 3/(P-Ag), clearly shows the presence of one silver atom on the periphery of this 
compound; this observation is confirmed by the X-ray analysis (vide infra). The magnitude 
of this 3J(P-Ag) is in the range normally observed for this type of clusters.1 ' Because the 
difference between the separate 1 Ag and Ag couplings is covered by the linewidth of 
the 3 , P NMR signal (app. 10 Hz) only the averaged 3/(P-Ag) is observed. 
The 2/(P- l 9 5Pt) significantly decreases from 453 Hz in the parent cluster compound 
[Pt(AgN03)(AuPPh3)g](N03)2 (ref. 11) to 412 Hz in 1. This is a commonly observed 
trend when going from an (S<5)2(P0)4 cluster to a closely related (Sa)2(P°)6 analogue. 
This decrease may be attributed to the orbital occupancies of the Pt atomic orbitale: a 
significant drop in occupancy of the platinum s-orbital takes place in going from a toroidal 
(Sa)2(P°)4 cluster geometry to an analogous spheroidal (Sa)2(P°)6 structure.43 In organic 
compounds this behaviour is well-known where the '/(13C-H) is used as a sensitive probe 
to distinguish between sp, sp2 and sp3 carbon hybridizations.44 




 Pt) for 1 
(412 Hz) is significantly smaller than that for 3 (452 Hz). This must be related to the fact 
that for both (S a) 2(P a) 6 clusters the number of bonding electrons is the same, but for 1 an 
additional Pt-Ag bond has to be maintained; this lowers the Pt-Au bond-order for 1 with 
respect to that for 3. The 'j(Pt-H) of 1. as derived from the 1 9 5Pt NMR and Ή NMR 
spectra (vide infra) is also smaller than that of 3 (Table 3.3). This is again due to the 
additional Pt-Ag bond that has to be maintained in 1 with the same number of bonding 













Figure 3.2: (A, top) Ι95Ρι(Ή,3ΙΡ} NMR spectrum, and (В, bottom) J95Pt(31P} NMR 









Figure 3.2 (continued): ,95Pt(lHj NMR spectrum of [Pt(H)(AgN03)(AuPPh3)8](N03) (1) 
(43.02 MHz); (C, top) experimental spectrum, and (D, bottom) simulated spectrum. 
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195Pt NMR Spectroscopy 
The 1 9 5Pt NMR spectrum of 1 is situated at δ=-6036.0 ppm with 1J(pt-lH)*7l6 Hz, 
lJ(Pt-mAg)=4&7 Hz, 17(Pt-I07Ag)=425 Hz and 27(Pt-31P)=412 Hz. The separate doublet 
structure originating from l 0 9 Ag and 1 0 7Ag is clearly visible from the 1 9 5Pt{'H, 3 1P} NMR 
spectrum (Figure 3.2A) and proves the presence of one Ag atom directly bonded to the 
central platinum atom. The ratio of ,7(Pt-109Ag)/,y(Pt- l07Ag)=1.15 is in perfect agreement 
with the value of 1 15 dictated by the ratio of gyromagnetic constants of these two silver 
isotopes. The magnitude of these 'j(Pt-Ag) couplings is in the range normally observed.11 
The I 9 5 Pt{ 3 1 P) NMR spectrum (Figure 3 2B) clearly shows the presence of a doublet 
splitting due to 'y(Pt-H)=716 Hz; this pattern shows the presence of one hydride ligand 
directly attached to the platinum. The magnitude of this './(Pt-H) is in the range normally 
found for hydride containing PtAu-cluster compounds, but is much smaller than 
observed for terminal Pt-H, e.g. in fre«î-Pt(H)(Cl)(PEt3)2 where '/(Pt-H)=1276 Hz.45 It is 
therefore believed that in 1 as well as in the afore-mentioned hydnde containing PtAu-
clusters the hydride ligand is bridging between platinum and peripheral metal (gold) 
atoms This idea was supported by potential energy calculations for the hydride containing 
cluster [Pt(H)(PPh3)(AuPPh3)7](N03)2 (ref 42). 
The presence of 8 AuPPh3 units bonded to the platinum atom in 1 gives rise to a nonet 
caused by 2J(Pt-31P), but because the 'i(Pt-Ag) couplings give rise to a doublet structure 
and are in the same range as this 27(Pt-31P), the overall ^ P l ^ H ) NMR spectrum 
(Figure 3 2C) results in an even multiplet that can be perfectly simulated (Figure 3.2D); 
the intensities of the peaks in the "5Pt{'H) NMR spectrum therefore indicate the presence 
of 8 AuPPh3 units in the cluster framework of 1. 
*H NMR Spectroscopy 
The hydride signal in the Ή NMR spectrum of 1 is observed at δ=+1.74 ppm with 
27(H-Ag)=19.7 Hz and 37(H-P)=12.5 Hz (Figure 3.3). Together with the magnitude of 
'y(Pt-H) as discussed above and the absence of a terminal Pt-H stretching vibration in the 
IR spectra this tremendous low-field shift, as compared to mononuclear terminal platinum-
hydrides,43 is an additional indication towards a bridging position of the hydnde ligand in 
1. It is known that hydnde chemical shifts are observed significantly low-field in Pt/Au-
and other M/Au-hydride-bndged systems.2 0·2 1 , 4 6"4 8 
Crystal Structure 
The X-ray structure analysis of the solid shows that the cluster framework consists of 10 
metal atoms (Figure ЗЛА): the platinum atom is situated in the center position (as seen 
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'J(P-H) = 12.5 Hz (nonet) 
•J(Ag-H) = 19.7 Hz (doublet) 
2.00 1.95 1.90 1.85 1.80 1.75 1.70 1.65 1.60 1.55 1.50 1.45 1.40 
ppm 
Figure 3.3: Ή NMR spectrum of [Pt(H)(AgN03)(AuPPh3)8](N03) (200.13 MHz), showing 
the hydride-signal. 
from the NMR experiments) and surrounded by eight gold atoms and one silver atom; 
each of the gold atoms is bonded to a triphenylphosphine group, and a nitrate group is 
coordinated to the silver atom. The metal framework of 1 matches that of the isoelectronic 
cluster [Pt(CO)(AgN03)(AuPPh3)g](N03)2 very closely.11 The silver atom is positioned at 
the bottom-vertex of an icosahedron and the eight gold atoms are placed at eight adjacent 
vertices (Figure 3.1B); the platinum atom is situated in the center. Icosahedral based 
geometries are often observed for mixed metal-gold cluster compounds with an (S°)2(PC)6 
electron configuration (18 electrons).5,11'26,43'49 
Although the hydride ligand could not be located in the X-ray analysis directly, the area 
where this hydride is to be found is clear from the metal positions: the three unoccupied 
vertices of the icosahedron (Figure 3.1B) define a region that is most likely occupied by 
the hydride ligand in a bridging position as concluded from spectral considerations. This 
implies that the hydride ligand is bridging between platinum and gold atoms. It cannot be 
excluded that the hydride ligand is mobile in this area even in the solid state; support for 
this idea can be found in H2-D2 equilibration which is very fast with this kind of cluster 
compounds in the solid state. ' 
It is noteworthy that the silver atom, which is less electronegative than gold, is 
positioned in the metal-triangle 'trans' to the fictitious triangle where the relatively 
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electronegative H-ligand is to be found. 
The Pt-Au distances (2.632 Â to 2.684 Â) and the Au-Ag distances (2.773 A to3.106 À) 
are in the range normally found in (Sa)2(P°) PtAuAg-clusters,11 the only exception being 
the Au(2)-Ag(l) distance (3.440 Â) which is remarkably longer. The Pt-Ag distance (2.703 
Â) is short as compared to Pt-Ag distances in compounds known from literature.11·49·50·51 
In the crystalline state one of the nitrates is located very close to the silver, whereas no 
other nitrates were found within coordinating distances from any metal atom. This is also 
observed in the solid IR spectrum where bands at 1292 cm-1 and 1351 cm-1 were present, 
originating from coordinated N03 and uncoordinated N03 respectively. The solution IR 
only reveals the presence of uncoordinated N03 groups, which suggests 1 in solution to be 
[Pt(H)(Ag)(AuPPh3)g]2+. The dissociation of the N03 group from the silver in solution is 
also concluded from the large conductivity of 1 in a methanol solution: the Λ,,, of 
224 S-cm2-mol-1 of 1 indicates it to be a 2:1 electrolyte. 
Acidimétrie Titration 
The reaction of [Pt(AgN03)(AuPPh3)8](N03)2 with dihydrogen in methanol yields 1 in 
quantitative amounts. 1 can be precipitated from this methanol solution with water. 
Subsequent filtration and acidimétrie titration of the methanol-water nitrate reveals the 
presence of one H+ per used Pt in agreement with eq 6 (cluster 1 remained intact during 
this treatment). 
[Pt(Ag)(AuPPh3)8]3++ H2 - [Pt(H)(Ag)(AuPPh3)8]2++ H+ (6) 
This reaction shows that the Br0nsted acidity of the hypothetical intermediate dihydride 
[Pt(H)2(Ag)(AuPPh3)8]3+ is considerably larger than that of the related known dihydride 
[Pt(H)2(AuPPh3)8]2+ which can be obtained in methanol from the reversible reaction of 
dihydrogen with [Pt(AuPPh3)8]2+ (eq 7). 
[Pt(AuPPh3)8]2++ H2 , [Pt(H)2(AuPPh3)g]2+ (7) 
A relatively strong base like pyridine is needed to abstract a proton from this dihydride, 
resulting in the corresponding monohydride [Pt(H)(AuPPh3)8]+ (3) (vide infra). The 
presence of an addition Lewis acid (Ag+) on the PtAgAu8-cluster as compared to the 
PtAug-cluster may be the main reason for its enhanced Br0nsted acidity. The high charge 
on the hypothetical dihydride [Pt(H)2(Ag)(AuPPh3)8]''+ may be an additional reason for 
50 
this enhanced Br0nsted acidity 
The reaction of powdered [Pt(AgN03)(AuPPh3)g](N03)2 (a brown solid) with 
dihydrogen yields a red powder, which upon dissolving m methanol produces 1 and H+ 
Further studies are directed towards the question whether this red powder is the 
hypothetical dihydnde [Pt(H)2(AgN03)(AuPPh3)g](N03)2 or the η2-Η2 compound 
[Pt(H2)(AgN03)(AuPPh3)8](N03)2 
3.3.2 Synthesis and Characterization of 
[Pt(H)(AgCl)(AuPPh3)8](PF6) 
The compound [Pt(H)(AgCl)(AuPPh3)g](PF6) was prepared in good yield (78 %) from 
the reaction of [Pt(AgN03)(AuPPh3)g](N03)2 in alkaline methanol and subsequent treat­
ment with dichloromefhane and addition of {(H-BU) 4N)PF 6 This cluster was characterized 
by ICP analysis and 3 1 P NMR spectroscopy, the synthesis is largely equal to route (B) 
used to synthesize 1 (see Experimental Section) The dichloromethane used under these 
alkaline conditions obviously provides the chloride to make the Ag-Cl bond The IR 
spectrum of this cluster clearly shows the Ag-Cl stretching vibration at 258 cm - 1 and the 
absence of both coordinated and uncoordinated N0 3 The characterization shows that this 
[Pt(H)(AgCl)(AuPPh3)g](PF6) can be regarded as closely related to 1 
3.3.3 Synthesis, Characterization and Crystal Structure of 
[Pt(H)(AgN03)2(AuPPh3)8](N03)[(2)] 
[Pt(H)(AgN03)2(AuPPh3)8](N03) (2) can be prepared by reacting [Pt(H)(AgN03)-
(AuPPh3)g](N03) (1) with AgN03 in methanol In this reaction the metal core of 1 is 
extended with one silver atom by means of electrophilic addition 2 can also be obtained 
from the reaction of [Pt(H)(AuPPh3)8](N03) (3) with AgN03 in a molar ratio of 1 2, in 
this reaction the 9-metal-atom cluster 3 is extended with 2 silver atoms through electro­
philic addition of AgN03 However, the preferred way of synthesis for 2 is the quanti­
tative reaction of [Pt(AuPPh3)g](N03)2 with AgN03 (molar ratio 1 2) under dihydrogen 
atmosphere 2 was characterized by elemental analysis, ICP analysis, conductometry in 
methanol and IR, 3 l P NMR and 1 9 5Pt NMR spectroscopy Its solid-state structure was 
determined by a single-crystal X-ray analysis 
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Figure 3.4: (A, top) X-ray structure of2a (first phase of 2) with atom labeling for Au, 
Ag, Pt and P. Phenyl rings and NO3 groups have been omitted for the sake of clarity. 
Thermal ellipsoids are at 50 % probability. 
(B, bottom) Schematic representation of the metal core of 2. The platinum atom which 
occupies the center of the incomplete icosahedron has been omitted for the sake of clarity. 
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3 1P NMR Spectroscopy 
The 3 1 P NMR spectrum of 2 (CH2C12) consists of one signal at 5=58.6 ppm with 2J(P-
195Pt)=407 Hz and 3/(P-Ag)=19 Hz. This single resonance is a result of the fluxional 
behaviour of the phosphine sites in solution at ambient temperatures. The relative 
intensities of the Pt-satellites correspond to the 33.8 % natural abundance of the 1 9 5Pt 
nucleus; the magnitude of 7(P-195Pt) shows it to be a 2J coupling. The NMR appearance 
thus clearly indicated that 2 has one platinum atom, which is in central position 
surrounded by AuPPh3 units. The triplet structure of the
 3 1 P NMR signal, arising from the 
J(P-Ag), clearly shows the presence of two silver atoms in the periphery of 2. This 
observation is confirmed by the X-ray analysis (vide infra). Like for cluster 1 the 
magnitude of 37(P-Ag) for 
couplings to be observed. 
it  f 3 ( ) f r 2 also is too small to allow the separate Ag and Ag 
195Pt NMR Spectroscopy 
The 1 9 5Pt NMR spectrum of 2 is situated at δ=-6347.6 ppm. This resonance is in the 
area typically observed for (5σ)2(Ρσ)6 PtAu cluster compounds (i.e. upfield of -5400 
ppm, whereas the area for (S a)2(P a)4 PtAu clusters is located downfield of -4500 ppm). 
The triplet structure originating from the two silver atoms is clearly visible in the 
'^Ptf'H,3 1?} NMR spectrum (Figure 3.5A); due to the large linewidth (app. 125 Hz) of 
these signals the separate 107Ag and 109Ag couplings could not be observed in this 
spectrum and an average '/(Pt-Ag) of 435 Hz was obtained. Separate 107Ag and 109Ag 
couplings were obtained from the complex Pt NMR spectra without P-decoupling -
where the linewidth was only 25 Hz - and revealed 1J(Pt-107Ag)=405 Hz and '7(Pt-
,09Ag)=465 Hz; the ratio of 1y(Pt-109Ag)/,7(Pt-107Ag)=1.15 is in perfect correspondence 
with Ihe expected value based on the ratio of the gyromagnetic constants of these two 
silver isotopes. The presence of one hydride ligand in 2 was clearly shown from the 
1 9 5Pt( 3 1P) NMR spectrum where a doublet splitting due to 17(Pt-H)=611 Hz is present 
(Figure 3.5B). The magnitude of this '7(Pt-H) is comparable to that of 1 and therefore it is 
concluded that the hydride in 2 is also bridging between platinum and peripheral metal 
(gold) atoms. 
The presence of 8 AuPPh3 units in 2 is clear from elemental analysis and ICP results. In 
addition to this the 1 9 5Pt NMR spectra without 3 1 P-decoupling also show the presence of 8 
such AuPPh3 units, two silver atoms and one hydride ligand, resulting in a complex 
splitting pattern that can be matched perfectly by simulation using the reported coupling 
constants. 
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-6300 -6310 -6320 -6330 -6340 -6350 -6360 -6370 -6380 
ppm 
I " Ί I I I I I I I I I I I 
-6315 -6325 -6335 -6345 -6355 -6365 -6375 
ppm 
Figure 3.5: (A, top) i95Pt{!H,31PJ NMR spectrum and, (B, bottom) 195Pt(3IP} NMR 
spectrum of [Pt(H)(AgN03)2(AuPPh3)8](N03) (2) (43.02 MHz). 
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When we compare the scalar coupling constants between Pt and H, Ag or Ρ for 
compounds [Pt(H)(AuPPh3)8](N03) (3), [Pt(H)(AgN03)(AuPPh3)8](N03) (1) and 
[Pt(H)(AgN03)2(AuPPh3)g](N03) (2) we see that these constants decrease in the order 
3>1>2 (see Table 3.3). All of the three compounds are ( S ^ P 0 ) 6 clusters but in going 
from 3 to 1 and from 1 to 2 one additional Pt-Ag bond has to be formed. So the bond 
orders between the central platinum, the hydride, the silver atoms and the gold atoms 
decrease in going from cluster 3 to 1 and finally to 2. This must be related to the afore­
mentioned decrease in 'y(Pt-H), './(Pt-Ag) and 2J(Pt-31P) respectively. This decrease in 
bond orders is also in agreement with the observed increase in (mean) Pt-Au and Pt-Ag 
bond lengths when going from 1 to 2 (vide infra). 
Table 3.3: 195Pt NMR data for 1, 2 and 3 (a) 
[Pt(H)(AuPPh3)e](N03) (Pt(H)(AgN03)(AuPPh3)8](N03) [PtCHXAgNO^AuPPh^ JCNCty 






(a) Chemical shifts are given in ppm; coupling constants are given in Hz. 
Comparison of the δ( , 9 5Ρί) shows that the order is 3>1>2 (see Table 3.3). This 
sequence can be attributed to the successive addition of silver atoms in going from 3 to 1 
to 2. Such additions further complement the spherical surrounding of the central platinum 
atom in these (S a) 2(P 0) 6 clusters (see Figures 3.1B and 3.4B; for a description of the 
solid-state structure of 2 see below), thereby reducing the contribution of the paramagnetic 
term in the total shielding of this central metal atom. The paramagnetic term is known to 
cause a deshielding, so a decrease in this term causes the platinum to resonate at higher 
field. 
Crystal Structure 
The solid-state structure of cluster 2 is known from two X-ray determinations (see 

















metal atoms: the central position is occupied by the platinum atom (as seen from NMR 
experiments) and is surrounded by eight gold atoms and two silver atoms. The gold atoms 
are bonded to triphenylphosphine ligands, whereas both silver atoms are bonded to nitrate 
groups. The metal framework of 2, like that of 1, is based on an icosahedral geometry as 
shown in Figure 3.4B. The relationship between the cluster frameworks of 1 and 2 is clear 
from Figures 3.1B and 3.4B. Cluster 2, as compared to 1, has one more vertex occupied, 
which results in a more spherical surrounding of the central platinum atom. This can be 
related to the difference in δ( Pt) for 1 and 2 as discussed above. It is remarkable that 
the addition of one extra silver to 1 results in cluster 2 with silver atom Ag(2) positioned 
between gold atoms Au(l) and Au(4) (Figure 3.4A): this results in a structure where the 
silver atoms (Ag(l) and Ag(2)) are occupying positions with high connectivities and the 
positions with lowest connectivity are occupied by gold atoms Au(4) and Au(8). 
Comparison of the solid-state structures of 1 and 2 shows that the additional silver atom in 
2 causes a net local replacement of one gold atom (Au(4)). 
As for 1, the hydride position in cluster 2 is clear from the metal positions: the two 
adjacent unoccupied vertices of the icosahedron (Figure 3.4B) define the region that is 
most likely occupied by the bridging hydride ligand. This implies that the hydride ligand 
is positioned 'trans' to Ag(l) (Figure 3.4A); Ag(2) is remarkably pushed out of the 
partially filled five-membered ring Au(8)-Au(l)-Ag(2)-Au(4), away from the afore­
mentioned hydride-region. 
The Pt-Au distances range from 2.644 Â to 2.722 Â in 2a and from 2.650 Â to 2.740 Â 
in 2b. The mean Pt-Au distance in both modifications of 2 is longer than in 1. The Pt-Ag 
distances, 2.784 À and 2.885 Â in 2a and 2.810 Â and 2.906 À in 2b, are definitely 
longer than in 1 and are normal, compared to Pt-Ag distances observed in other platinum-
silver compounds.11,49·50'51 These longer radial Pt to metal distances are in agreement 
with the lowering in bond order of Pt-Au and Pt-Ag bonds in going from 1 to 2 as already 
discussed with regard to the scalar coupling constants in the 195Pt NMR spectra of these 
cluster compounds. 
The conductivity of 2 in methanol solution ( Λ , , , ^ ^ Scm 2 mor ' ) is indicative of a 
2:1 electrolyte and shows that in solution a partial dissociation of the two silver-bonded 
N 0 3 groups has occurred, indicating 2 in solution to be [Pt(H)(Ag)(AgN03)(AuPPh3)8]2+. 
In the solid-state, however, both silver atoms are coordinated to nitrate groups. These 
observations are also clear from the IR spectra. The solid IR spectrum shows the presence 
of uncoordinated N 0 3 (1346 cm- 1) and of coordinated N 0 3 (1286 cm - 1); in the solution 
IR spectrum of 2 the band originating from coordinated N0 3 (1295 cm - 1) is also present 
but its relative intensity is roughly halved with respect to that in the IR spectrum of the 
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solid sample. It may be related to the high positive charge of the hypothetical cluster 
[Pt(H)(Ag)2(AuPPh3)8]3+ that full dissociation of both silver-bonded N03 groups of 2 in 
solution does not occur. 
The absence of a terminal Pt-H stretching vibration in the IR spectra of 2 supports the 
proposed bridging position of the hydride ligand. 
Acidimétrie Titration 
The reaction of [Pt(AuPPh3)8](N03)2 with AgN03 in a molar ratio of 1:2 under 
dihydrogen atmosphere in methanol quantitatively yields the cluster compound 2. If 2 is 
precipitated from this methanol solution with water and subsequently filtered off (2 
remained intact during this treatment), the methanol-water filtrate can be shown to contain 
one H+ per used Pt by means of acidimétrie titration. This is seen from the net reaction 
given in eq 8. 
[Pt(AuPPh3)g]2+ + 2 AgN03 + H2 — 
[Pt(H)(Ag)(AgN03)(AuPPh3)8]2+ + NOf + H+ (8) 
3.3.4 Synthesis and Characterization of 
[Pt(H)(AgCl)2(AuPPh3)8](N03) 
The reaction of [Pt(AuPPh3)8](N03)2 with [Ag(PPh3)Cl]4 (molar Pt:Ag ratio=l:2) under 
dihydrogen atmosphere in dichloromethane results in the cluster compound [Pt(H)(AgCl)2-
(AuPPh3)8](N03) in 68 % yield. This cluster was characterized by ICP analysis, conducto-
metry in methanol and IR and 31P NMR spectroscopy. The presence of two silver atoms 
was clear from ICP results and from the triplet structure of the Ρ NMR signal due to 
3J(P-Ag). The ICP analysis also showed the presence of 8 gold atoms and 8 phosphines. 
The IR spectrum clearly revealed the presence of uncoordinated N 0 3 (1349 cm - 1); the 
Ag-Cl stretching vibration (257 cm- 1) was also observed in the IR spectrum. The conduc­
tivity in methanol (A
m
°=93 S-cn^-mol-1) showed that this cluster is a 1:1 electrolyte. The 
formulation of this cluster in solution therefore is given by [Pt(H)(AgCl)2(AuPPh3)8]+. 
Quantitative exchange of the nitrates in 2 by CI using LiCl also results in 
[Pt(H)(AgCl)2(AuPPh3)g]+. This reaction provides further evidence for this cluster to be 
the AgCl-analogue of 2. 
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3.3.5 Synthesis and Characterization of 
[Pt(H)(AuPPh3)8](N03) [(3)] 
The reaction of [Pt(AuPPh3)8](N03)2 with dihydrogen is known to yield the dihydride 
cluster compound [Pt(H)2(AuPPh3)g](N03)2 (ref. 17). However, when this reaction is 
performed in a strong basic solvent like pyridine the monohydride [Pt(H)(AuPPh3)g](N03) 
(3) is formed in good yield (Figure 3.6). It was shown to be identical to the compound 
obtained from the reaction of [Pt(AuPPh3)g](N03)2 with alkaline methanol.29 The com­
pound is sensitive to protonation by water to yield the dihydride cluster which releases H2 
very easily, thereby giving the starting compound [Pt(AuPPh3)g](N03)2. Compound 3 
should therefore be handled under standard Schlenk conditions. 
The presence of only one signal in the Ρ NMR spectrum of 3 (δ=52.1 ppm) shows 
that this cluster also has fluxional phosphine sites in solution. The magnitude of 7(P-
195Pt)=452 Hz clearly shows this to be a 2J coupling. This implies that the platinum atom 
is in central position surrounded by AuPPh3 units like in the parent compound [Pt(Au-
PPh3)8](N03)2 and like in 1 and 2. 
The 1 9 5Pt NMR resonance is observed at δ=-5673 ppm which is in agreement with the 
(8σ) 2(Ρσ) 6 electron configuration (18 electrons) of [Pt(H)(AuPPh3)8](N03). The 'y(Pt-H)= 
721 Hz which is in the range observed for 1 and 2 and other known hydride containing 
PtAu-cluster compounds.7'17'29 This shows that the hydride ligand is bridging between the 
central platinum atom and peripheral gold atoms like proposed for 1 and 2. Additional 
support for this is found from the Η NMR hydride chemical shift at +5.4 ppm. As it is 
known that the chemical shifts of bridging hydrides in M/Au-systems20'21· are 
commonly observed at significantly low-field positions with respect to that of terminal 
hydrides,45 this very low-field hydride chemical shift of 3 can be contributed to a hydride 
ligand in bridging position. The absence of a terminal Pt-H stretching vibration in the IR 
spectrum of 3 is also in accordance with this bridging hydride position. 
In this chapter we have seen some intimate details of how reduction of silver(I) 
compounds with H2 precipitates metal: a 9-metal-atom particle ([Pt(AuPPh3)8](N03)2) 
grows via oxidative addition of H2, deprotonation and electrophilic addition of Ag
+
 to an 
11-metal-atom particle, [Pt(H)(AgN03)2(AuPPh3)8](N03). The electron count has a 
pronounced effect on the habitus of the metal embryo, and the attachment of hydrogen and 
silver atoms occurs on locally separated sites. 
It is well-established that silver does not precipitate on pure silver or gold when using 
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[Pt(H)(AuPPh3)e]+ + CH 2 0 [R(H)(AuPPh3)8]+ 
[18e] ч^ [1ββ] 
Ч
С Н з
° ' pyridine t l Η* 
[Pt(AuPPh3)e]2+ < H ' » [Pt(H)2(AuPPh3)e]2+ 
[16e] [18e] 
I Ag+ ІАд+ 




[R(H)(Ag)(AuPPh3)8]2+ + CH 2 0 [RiHKAgHAuPPhsM3* -*-
[18e] [18e] 
Figure 3.6: Reaction-scheme showing relations between the clusters discussed in this 
chapter. 
H2 as reducing agent for Ag
+
, although this reaction is thermodynamically favourable. 
This is due to the large overpotential for this reduction with H 2 on pure silver or gold 
metal. The spontaneous growth of metal clusters by precipitation of silver as seen in this 
chapter, on the other hand, provocatively suggests that the overpotential for this reduction 
of silver(I) by H2 has dropped to a considerable extent, due to the presence of a Pt atom 
to which H2 adds oxidatively. 
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Chapter 4 
New Hydride-Containing Mixed Metal-Gold 
Phosphine Clusters. Crystal Structures 
of [Pt(H)(CuCl)(AuPPh3)8](N03) and 
[Pt(H)(CuCl)2(AuPPh3)8](N03) 
4.1 Introduction 
Recent studies on mixed metal-gold clusters have shown that the geometry of these 
clusters is related to their electron configuration: toroidal geometries are observed for 
(Sa)2(Pa)4 (16 electron) clusters, whereas (S°)2(Pa)6 (18 electron) cluster compounds 
adopt spheroidal geometries. The reactivities of such cluster compounds can also be 
rationalized in terms of these electron configurations. Nucleophilic addition reactions 
of a two-electron donating group to the centers of toroidal (S a)2(P a)4 clusters have been 
reported to result in (8σ)2(Ρσ) clusters with spheroidal geometries;2"4 a typical example 
of this type of reaction is shown in eq. (1). 
[Pt(AuPPh3)8]2++ CO — [Pt(CO)(AuPPh3)8]2+ (1) 
Electrophilic additions of M(I) species (M=Cu, Ag, Au) on the other hand have been 
observed for (5σ) 2(Ρσ) 4 clusters as well as for (8σ)2(Ρσ)6 clusters:5"7 
[Pt(AuPPh3)8]2+ + CuCl — [Pt(CuCl)(AuPPh3)8]2+ (2) 
[Pt(CO)(AuPPh3)8]2++ Ag+ - [Pt(CO)(Ag)(AuPPh3)8]3+ (3) 
[W(CO)4(AuPPh3)5]+ + AuPPh3+ - [W(CO)4(AuPPh3)6]2+ (4) 
This chapter has been submitted for publication in Inorganic Chemistry by 
T.G.M.M. Kappen, P.P.J. Schlebos, J.J. Bour, W.P Bosman, J.M.M. Smits, 
P.T. Beurskens and J.J. Steggerda. 
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The electron configuration, and the accompanying geometry classification of the cluster, is 
not changed by such electrophilic additions. Oxidative additions to (S°)2(P<T)4 clusters, to 
yield (S°)2(P<1)6, are particularly interesting:8 
[Pt(AuPPh3)g]2++ (HgCl)2 - [Pt(HgCl)2(AuPPh3)8]2+ (5) 
The oxidative addition of H2 to [Pt(AuPPh3)g]2+ is fast and fully reversible at ambient 
pressures and temperatures, and results in the formation of an (5σ)2(Ρσ)6 dihydride cluster 
(ref. 9, chapter 2): 
[Pt(AuPPh3)g]2++ H2 , [Pt(H)2(AuPPh3)g]2+ (6) 
This oxidative addition reaction plays a crucial role in the formation of the compounds 
[Pt(H)(AgN03)(AuPPh3)g](N03) and [Pt(H)(AgN03)2(AuPPh3)g](N03) as reported in the 
previous chapter:10 the (8σ)2(Ρσ) dihydride gives rise to these new compounds through 
electrophilic substitution and electrophilic addition reactions of Ag(I) units. 
In this chapter we report the analogous reactions with CuCl and AuPPh3X. Two new 
hydride containing PtAuCu-cIusters were obtained in this way: 
[Pt(H)(CuCl)(AuPPh3)8](N03) (1) and [Pt(H)(CuCl)2(AuPPh3)g](N03) (2). The hydride 
containing [Pt(H)(AuPy)(AuPPh3)g](N03)2 (3) (in which Py=C5H4N) was obtained from 
the reaction of [Pt(AuPPh3)8](N03)2 with AuPPh3N03 in pyridine solution under H2-
atmosphere. The Py-ligand was easily substituted by СГ, Br" or SCN~ to give [Pt(H)-
(AuX)(AuPPh3)8]+ (4) (in which X=C1, Br or SCN, respectively). We also report the 
formation of another hydride containing PtAuCu-cluster, [Pt(H)(PPh3)(CuCl)(AuPPh3)6]+ 
(5), obtained from the reaction of [Pt(H)(PPh3)(AuPPh3)7](N03)2 with [PPh3CuCl]4. All 
newly reported compounds 1 to 5 are (S°)2(PCT)6 clusters. 
4.2 Experimental Section 
4.2.1 Measurements 
Elemental C,H and N analyses were carried out at the microanalytical department of the 
University of Nijmegen. ICP analyses of the copper-containing clusters, giving Pt:Au:Cu 
ratios were carried out on a Plasma 200 ICP-AE spectrometer in DMSO solutions of the 
cluster compounds with [Pt(CO)(CuCl)(AuPPh3)g](N03)2 (ref. 5) and [Pt(CO)(CuCl)2(Au-
PPh3)7](N03) (ref. 5) used for calibration. Due to partial overlap of the spectral emission 
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lines of copper with those used for phosphorus detection, determination of the phosphorus 
content was not performed for the copper containing cluster compounds. The ICP analyses 
of PtAu cluster compounds without copper were obtained from DMSO solutions of the 
compounds on the afore-mentioned spectrometer providing Pt:Au:P ratios with [Pt(Au-
PPh3)g](N03)2 (ref. 11) used for calibration. 
Fast atom bombardment mass spectroscopy (FAB-MS) on 5 was performed by the mass 
spectrometry service laboratory of the University of Minnesota on a VG Analytical Ltd. 
7070E-HF mass spectrometer. The FAB-MS spectrum was taken from a nitromethane 
solution of the compound under inert atmosphere by means of continuous-flow conditions 
to prevent exposure of the compound to air. Csl was used as the standard for mass-cali­
bration; further experimental details are given elsewhere.12 
3 1
Ρ{Ή} NMR spectra of CH2C12 solutions of the cluster compounds were recorded on 
a Bruker WM-200 spectrometer, operating at 81.015 MHz, and on a Bruker AM-500 
spectrometer, operating at 202.462 MHz, with trimethylphosphate (TMP) in CD2C12 as 
external reference; Ή NMR spectra were recorded in CD2C12 solutions (for compound 3) 
or in CDCI3 solutions (for compound 5) on a Bruker AM-500 spectrometer operating at 
500.13 MHz with tetramethylsilane (TMS) as reference. The 1 9 5Pt NMR spectra were 
recorded at 43.02 MHz on the above-mentioned Bruker WM-200 spectrometer using 
CDCI3 solutions of 5 and CD2CI2 solutions for all other cluster compounds; K2PtCl6 in 
D 2 0 was used as external reference. Phosphorus decoupling during
 1 9 5Pt NMR experi-
ments was performed with a PTS 200 synthesizer. Η NMR experiments were run on a 
Bruker WM-200 spectrometer (at 30.722 MHz) and on a Bruker AM-500 spectrometer (at 
76.774 MHz) in CH2C12 solutions. The infrared (IR) spectra were measured in Csl pellets 
on a Perkin-Elmer 1720-X Fourier transform infrared spectrometer in the range from 
4000 cm - 1 to 220 cm - 1. 
4.2.2 Preparations 
AuPPh3N03 (ref. 13), AuPPh3Cl (ref. 14), CuCl (ref. 15) and [PPh3CuX]4 (X=C1, Br. Γ) 
(ref. 16) were prepared according to literature methods. This is also the case for the cluster 
compounds [Pt(AuPPh3)8](N03)2 (ref. 11), [Pt(CuCl)(AuPPh3)8](N03)2 (ref. 5) and [Pt-
(H)(PPh3)(AuPPh3)7](N03)2 (ref. 17). All solvents were of reagent grade and were used 
without further purification, except for those used in the synthesis and characterization of 
[Pt(H)(PPh3)(CuCl)(AuPPh3)6]+ (5), which were purified according to literature methods.18 
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[Pt(H)(CuCl)(AuPPh3)8](N03) [(1)] 
A 100-mg (0.025-mmol) sample of [Pt(AuPPh3)8](N03)2 was dissolved in 4 mL of 
acetone. Dihydrogen was bubbled through this brown solution for 10 minutes upon which 
the colour changed to red-brown. To this solution 2.7 mg (0.027 mmol) of CuCl was then 
added under dihydrogen atmosphere, which further changed the colour to deep red. After 
30 minutes of stirring an orange-red precipitate was formed and the reaction mixture was 
stirred for five more hours; the dihydrogen atmosphere was then replaced by air and the 
orange-red precipitate was filtered off and washed with 2 mL of acetone and finally twice 
with 10 mL of diethylether. Red crystals of [Pt(H)(CuCl)(AuPPh3)8](N03) (1) were ob­
tained by slow diffusion of diethylether into a l:l(v:v)-dichloromethane-methanol solution 
of the sample (yield: 81 mg, 0.020 mmol; 80 %, calculated for Pt). 
Anal. Caled for PtAugCuP8C144H12)N03Cl (mol wt 4031.15): C, 42.91; H, 3.03; N, 
0.35. Found: C, 42.35; H, 3.08; N, 0.33. ICP: Pt:Au:Cu=l:8.1:1.0. IR: uncoordinated N 0 3 
showed a broad band at 1359 cm - 1 in addition to several absorption bands originating 
from the PPh3 ligands.
 3 1 P NMR: δ=54.1 ppm with V(P-195Pt)(doublet)=410 Hz. I 9 5Pt 
NMR: δ=-6015 ppm with 17(Pt-1H)(doublet)=678 Hz and 27(Pt-31P)(nonet)=410 Hz. 
[Pt(H)(CuCl)2(AuPPh3)8](N03)[(2)] 
A) A 70-mg (0.018-mmol) sample of [Pt(AuPPh3)g](N03)2 was dissolved in 3 mL of 
acetone. After bubbling dihydrogen through this solution for 10 minutes, which changed 
the colour from brown to red-brown, 4.0 mg (0.040 mmol) of CuCl was added under 
dihydrogen atmosphere. This changed the colour of the mixture to deep red and after 
30 minutes of stirring an orange-red precipitate was obtained. The reaction mixture was 
stirred for one more day; the reaction vessel was then opened to air and the orange-red 
precipitate was filtered off and it was subsequently washed with acetone and diethylether. 
3 1 P NMR characterization of this precipitate revealed the presence of 2 in ca. 60 % yield. 
The same orange-red precipitate could be obtained from the analogous reaction in 
methanol. However, when this reaction was performed in dichloromethane the reaction 
mixture had to be evaporated to dryness after reacting for one day to obtain the same 
product. 
B) Dihydrogen was bubbled through a solution of [Pt(CuCl)(AuPPh3)8](N03)2 (70 mg, 
0.017 mmol) in 10 mL of methanol (or dichloromethane) for 15 minutes after which this 
solution was stirred under dihydrogen atmosphere for two hours. This changed the colour 
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of the solution from brown to red. After this reaction period the dihydrogen atmosphere 
was replaced by air, upon which the colour changed to brown-red, and the reaction mix­
ture was evaporated to dryness under reduced pressure. Ρ NMR characterization of a 
dichloromethane solution of the resulting powder only revealed the presence of 2 and 
[Pt(AuPPh3)g]2+ in equal amounts. 
Monitoring this reaction with Ρ NMR spectroscopy revealed the intermediate presence 
of 1 during the early stages of this reaction (see Results and Discussion). 
C) A 70-mg (0.018-mmol) sample of [Pt(AuPPh3)g](N03)2 was dissolved in 5 mL of 
dichloromethane. Dihydrogen was bubbled through this brown solution for 10 minutes, 
after which 2.0 mg (0.020 mmol) of CuCl was added. The solution, which had turned red, 
was stirred for one hour under dihydrogen atmosphere. The clear solution was then evapo­
rated to dryness under reduced pressure to yield a brown-red solid. The Ρ NMR spec­
trum of this solid mainly revealed the presence of 2 and [Pt(AuPPh3)g]2+ and some minor 
amounts of 1. Mind the difference with a similar procedure to prepare 1 (see above), 
where acetone was used as the solvent instead of dichloromethane (see Results and 
Discussion). 
D) A sample of 100 mg (0.025 mmol) [Pt(AuPPh3)8](N03)2 was dissolved in 4 mL of 
methanol and dihydrogen was bubbled through this solution for 10 minutes, upon which 
the colour changed from brown to red-brown. A 2.7-mg (0.027-mmol) sample of CuCl 
was added under dihydrogen atmosphere. The colour changed to dark brown and after 
stirring for one hour an orange-red precipitate formed. The reaction was then stirred for 
five more hours after which the dihydrogen atmosphere was replaced by air. The orange-
red precipitate was filtered off and it was washed with methanol and diethylether. Red 
crystals of [Pt(H)(CuCl)2(AuPPh3)g](N03) (2) were obtained by slow diffusion of diethyl­
ether into a l:l(v:v)-dichloromethane-methanol solution of the sample (yield: 48 mg, 
0.012 mmol; 87 %, calculated for Cu). It should be noted that this procedure to prepare 2 
is similar to the procedure to prepare 1 (see above); the major difference is the use of 
methanol as the solvent instead of acetone (see Results and Discussion). 
Anal. Caled for PtAu8Cu2P8C1 4 4H1 2 1N03Cl2 (mol wt 4130.15): С, 41.88; Η, 2.95; Ν, 
0.34. Found: С, 41.55; Η, 2.91; Ν, 0.39. ICP: Pt:Au:Cu=l:7.9:2.0. IR: in addition to the 
bands characteristic for the PPh3 ligands only absorption bands due to uncoordinated N 0 3 
(1353 cm - 1, broad) and the Cu-Cl stretching vibration (327 cm - 1) were observed. Ρ 
NMR: δ=56.3 ppm with 27(P-195Pt)(doublet)=390 Hz. 1 9 5Pt NMR: δ=-6399 ppm with 
'i(Pt-1H)(doublet)=597 Hz and 27(Pt-31P)(nonet)=390 Hz. 
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[Pt(H)(AuPy)(AuPPh3)8](N03)2 [(3)] 
A sample of 100 mg (0.025 mmol) of [Pt(AuPPh3)g](N03)2 was dissolved in 5 mL of 
pyridine. Dihydrogen was bubbled through this solution for 10 minutes, which changed the 
colour from brown to dark red. To this solution 26 mg (0.050 mmol) of AuPPh3N03 was 
added under dihydrogen atmosphere. This reaction mixture was stirred for two hours, and 
the colour changed to deep red, after which the dihydrogen atmosphere was replaced by 
air. Diethylether (80 mL) was added to give an orange-yellow precipitate which was fil­
tered off. This residue was washed four times with 20 mL hexane and three times with 
15 mL diethylether. Finally the orange-yellow powder was placed in dynamic vacuum 
(less than 10"3 mbar) for six hours. Red crystals of [Pt(H)(AuPy)(AuPPh3)g](N03)2 (3) 
were obtained by slow diffusion of a methanol solution of the product in diethylether 
(yield: 98 mg, 0.023 mmol; 92 %, calculated for Pt). 
The same product, 3, was also obtained using equimolar amounts of [Pt(AuPPh3)g]-
(N0 3 ) 2 and AuPPh3N03 in the above-mentioned procedure (i.e., 100 mg (0.025 mmol) 
[Pt(AuPPh3)g](N03)2 and 13 mg (0.025 mmol) AuPPh3N03); the yield of this reaction 
(85 %) is only slightly less than for the above-mentioned procedure. 
Anal. Caled for PtAu 9 P 8 C 1 4 9 H| 2 6 N 3 0 6 (mol wt 4270.22): C, 41.91; H, 2.97; N, 0.98. 
Found: C, 41.11; H, 3.00; N, 1.08. ICP: Pt:Au:P=l:8.9:8.1. IR: in addition to the 
numerous bands characteristic for the PPh3 ligands only an absorption band due to 
uncoordinated N 0 3 (1359 cm- 1) could be assigned. 3 l P NMR: δ=52.3 ppm with V(P-
195Pt)(doublet)=388 Hz. Ή NMR (hydride): δ=+1.4 ppm with V(H-3lP)(nonet)=13 Hz 
and 17(H-195Pt)(doublet)=665 Hz. , 9 5 Pt NMR: δ=-6410 ppm with 'ytPt-'HXdoublet^ 
665 Hz and 2J(Pt-31P)(nonet)=388 Hz. 
[Pt(H)(AuPy)(AuPPh3)8](PF6)2[(3a)] 
A 50-mg (0.012-mmol) sample of 3 was dissolved in 2 mL of methanol; to this red 
solution, 50 mg (0.13 mmol) of tetra-n-butylammoniumhexafluorophosphate (ТВAH) 
dissolved in 1 mL methanol was added. This solution was then concentrated by evapo­
ration until an orange-yellow precipitate of [Pt(H)(AuPy)(AuPPh3)g](PF6)2 formed. This 
precipitate was filtered off and washed with some drops of methanol. Finally it was dried 
in vacuum for three hours (yield: 36 mg, 0.0082 mmol; 70 %, calculated for Pt). 
Anal. Caled for PtAu 9P, 0C | 4 9H, 2 6NF, 2 (mol wt 4436.14): C. 40.34; H, 2.86; N, 0.32. 
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Found С, 39.82, H, 2.78, Ν, 0 38 IR· in addition to the bands originating from the PPh3 
ligands, an absorption band characteristic for PF6 (840 cm-1) was observed; bands from 
(uncoordinated) N 0 3 were not present 3 1 P NMR δ=52 3 ppm with 2J(P-195Pt)(doublet)= 
388 Hz 
[Pt(H)(AuCl)(AuPPh3)8](N03)[(4a)] 
A) 60 mg (0 015 mmol) of [Pt(AuPPh3)g](N03)2 was dissolved in 5 mL of pyridine 
under dihydrogen atmosphere. To this dark red solution, 15 mg (0 030 mmol) of AuPPh3-
Cl was added and the mixture was stirred for two hours After this period the dihydrogen 
atmosphere was replaced by air and 50 mL of diethylether was added to precipitate the 
orange-yellow [Pl(H)(AuCl)(AuPPh3)g](N03) (4a) which was filtered off and washed with 
hexane and diethylether (yield 47 mg, ООП mmol, 75 %, calculated for Pt). 
B) A 50-mg (0 012-mmol) sample of 3 was dissolved in 1 mL of methanol. To this red 
solution a saturated solution of NaCl (or Et4NCl) in methanol was added until the forma­
tion of an orange-yellow precipitate was complete. This precipitate of 4a was filtered off 
and washed with some drops of methanol (yield 46 mg, ООП mmol,94 %, calculated for 
Pt) 
ICP analysis Pt Au P=l 8 8 8.0. IR: the absorption band of uncoordinated N 0 3 
(1360 cm - 1, broad) was observed in addition to the bands originating from the PPh3 
ligands 3 I PNMR 5=51 5 ppm with 27(P-195Pt)(doublet)=393 Hz 
[Pt(H)(AuBr)(AuPPh3)8](Br)[(4b)] 
A saturated solution of KB г in methanol was added to a solution of 50 mg (0.012 
mmol) of 3 in 1 mL methanol The addition of this methanolic KBr solution was stopped 
when the formation of the orange-yellow precipitate of 4b was complete. This orange-
yellow precipitate was filtered off and washed with some drops of methanol (yield: 44 mg, 
0 010 mmol, 89 %, calculated for Pt) 
ICP analysis- Pt Au P=l'9.1 7 8 IR' characteristic absorption bands originating from the 
PPh3 ligands, the absorption band of N 0 3 is absent, which points towards Br
-
 as counter 
anion for 4b (the insolubility of 4b in apolar solvents like toluene and benzene is taken as 
an indication that this cluster compound is charged, see Results and Discussion). 
3 1 P NMR δ=51 4 ppm with 2J(P-195Pt)(doublet)=393 Hz. 
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This cationic cluster compound was also obtained from the reaction of [Pt(AuPPh3)g] 
with Br" in refluxing ethanol.19 However, the reproducibility and the yield of this reaction 
were rather poor. 
The reaction between [Pt(AuPPh3)g](N03)2 and AuPPh3Br in pyridine under dihydrogen 
atmosphere, analogous to method A for cluster compound 4a (see above), did not result in 
the desired product 4b but yielded several unidentified products. 
[Pt(H)(AuSCN)(AuPPh3)8](SCN) [(4c)] 
To a solution of 50 mg (0.012 mmol) of 3 in 1 ml· methanol a solution of 4.0 mg 
(0.041 mmol) of KSCN in 1 mL methanol was added. This yielded an orange-yellow 
precipitate of 4c that was filtered off and washed with methanol (yield: 35 mg, 0.0084 
mmol; 70 %, calculated for Pt). 
ICP analysis: Pt:Au:P=l:9.0:8.1. IR: in addition to the bands originating from the PPh3 
ligands, the v(CN) from coordinated thiocyanate (2099 cm- 1) as well as from ionic thio-
cyanate (2050 cm- 1) was observed. 3 1 P NMR: δ=51.5 ppm with 2J(P-195Pt)(doublet)= 
390 Hz. 
[Pt(H)(PPh3)(CuCl)(AuPPh3)6]+[(5)] 
This synthesis was carried out using standard Schlenk techniques, under an atmosphere 
of dry nitrogen. 
A 200-mg (0.053-mmol) sample of [Pt(H)(PPh3)(AuPPh3)7](N03)2 and a 38-mg (0.026-
mmol) sample of [PPh3CuCl]4 were dried in vacuum (less than 10"3 mbar) for one hour; 
5 mL of dichloromethane was then added and this red mixture was stirred vigorously. 
After one day the red solution was concentrated to a volume of 2 mL by evaporation; this 
was then purified by column chromatography on alumina (Merck, Aluminiumoxide 90 
Active, neutral, activity III) with a 0.01 M tetra-n-butylammoniumhexafluorophosphate 
(TBAH) solution in dichloromethane as eluting agent. The red front-layer in this column 
was collected and this solution was evaporated to dryness under reduced pressure. 
Analysis showed that this red product consists of cluster compound 5, together with 
TBAH, originating from the eluting agent (yield of 5 is 60 to 70 %, as estimated from 
3 1 P NMR spectra of crude products). 
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Due to the presence of TBAH in the final product, compound 5 has not been analyzed 
by elemental C,H and N analysis. ICP: Pt:Au:Cu=l:6.2:1.1. IR: absorption bands of 
uncoordinated NO3 (1378 cm ,broad) as well as of PF6 (840 cm" ) were observed in 
addition to several bands originating from the PPh3 ligands and the tetra-n-butylammo-
nium ion. 3 1 P NMR: AuP δ=49.8 ppm with 27(P-195Pt)(doublet)=410 Hz and V(P-P)(dou-
blet)=28 Hz; PtP 5=56.1 ppm with 17(P-195Pt)(doublet)=2642 Hz and 3/(P-P)(septef)= 
28 Hz. 'H NMR (hydride): δ=+0.46 ppm with 1/(H-,95Pt)(doublet)=606 Hz, 27(H-31P) 
(doublet)=8 Hz and 37(H-31P)(septet)=22 Hz. 1 9 5Pt NMR: o=-5566 ppm with 'ДРх-'Н) 
(doublet)=606 Hz, '7(Pt-31P)(doublet)=2642 Hz and 27(Pt-31P)(septet)=410 Hz. The FAB-
MS spectrum of 5 is in agreement with its composition (see Results and Discussion). 
Cluster 5 was also obtained when using [PPh3CuBr]4 or [PPh3CuI]4 instead of [PPh3Cu-
Cl]4 in the above-mentioned preparation. This is most likely due to halide-exchange with 
СГ from dichloromethane on the alumina column, since donation of СГ by dichloro-
methane is also known from other reactions (ref. 10, chapter 3). 
4.2.3 Structure Determination of 
[Pt(H)(CuCl)(AuPPh3)8](N03) [(1)] and 
[Pt(H)(CuCl)2(AuPPh3)8](N03)[(2)] 
Collection and Reduction of Crystallographic Data 
Since single-crystals decomposed very quickly upon removal from the solvent mixture, 
crystals of 1 and 2 were mounted in a capillary together with a mixture of methanol, 
dichloromethane and diethylether. X-ray data were measured on a Nonius CAD4-
diffractometer. Standard experimental details are given elsewhere.20 Crystal data for 1 and 
2 are listed in Table 4.1. 
Solution and Refinement of the Structures 
[Pt(H)(CuCl)(AuPPh3)g](N03) [(1)]. The positions of the metal atoms were found from 
automatic Patterson interpretation (PATTY21) followed by a phase refinement procedure to 
expand the fragment (DIRDIF22). Most of the phenyl rings were positioned from successi­
ve difference Fourier maps, although some phenyl rings appeared to be disordered. Neither 
the N03~ ion nor any of the solvent molecules could be identified unambiguously. The 
occurence of disorder is easily explained by the local mirror symmetry of the metal atoms; 
these atoms alone constitute a structure in space group Fl^lm. 
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c a l c /gcm not calculated because of uncertainty in solvent content 
/i(MoKa)/cm"1 ( a ) 102.9 96.0 
K ( b ) [Ι>2σ(Ι)] 0.083 0.085 
wR2
(c)
 [Ь2о(І)] 0.18 0.22 
(a) solvent molecules not included. 
Q>) R=*\\F0\-\Fc\\a\F0\ 
(c)wR2=[Lw{F02-Fc2)2n:w(F02)2]m 
The structure was refined by full-matrix least-squares on F0 values using SHELXL 
with anisotropic parameters for the metal, phosphorus and chlorine atoms. The phenyl 
rings were refined with constrained idealized geometry, three of which in disordered 
orientations. The hydrogen atoms of the phenyl rings were placed at calculated positions 
(C-H=0.93 Â). After refinement to an tf-value of 0.13, an additional empirical absorption 
correction based on F 0 - |FC | was applied using DIFABS24 on the original unmerged F0 
values. Convergence was reached at Л=0.083. The first 100 rest peaks in the last differ­
ence Fourier map were in the range of 2.3-0.90 e/À3; 37 of these peaks were within a 
distance of 2 À from the metal atoms and 17 peaks had a distance more than 2.5 Â from 
any atom of the cluster molecule. The latter may be atoms of the N 0 3 " ion or the solvent 
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molecules; refining these peaks as carbon atoms did not improve the overall geometry of 
the cluster and therefore these peaks were discarded. Other peaks in the neighbourhood 
of the phenyl rings are the result of unresolved disorder in the phenyl rings, which also 
explains the occurence of several very short inter-phenyl C-C distances. The function 
minimized was lw(F2-F2)2 with w=l/[o2(Fo2)+(0.0585Fc2)2]. 
Positional and thermal parameters of selected atoms are given elsewhere, and selected 
bond distances and bond angles are given in Table 4.2. The molecular structure of 1 is 
given in Figure 4.1. 
[Pt(H)(CuCl)2(AuPPh3)8](N03) [(2)]. The positions of the non-hydrogen atoms were 
found from an automatic orientation and translation search (ORIENT, TRACOR ) with 
a PtAugCu fragment of 1 as a search model, followed by a phase refinement procedure to 
expand the fragment (DIRDIF ). The N03~ ion was positioned from difference Fourier 
maps. Of the unknown amount of solvent molecules none could be detected. 
The structure was refined by full-matrix least-squares on F2 values using SHELXL23 
with anisotropic parameters for the metal, phosphorus and chlorine atoms. The N03~ ion 
and the phenyl rings were refined with constrained idealized geometry, with the hydrogen 
atoms of the phenyl rings placed at calculated positions (C-H=0.93 Â). 
After refinement to an Ä-value of 0.13, an additional empirical absorption correction 
based on F0-\FC\ was applied using DIFABS24 on the original unmerged F0 values. Final 





2)2]. A maximum residual density of 2.2 e/À3 was found near 
metal atoms. 
The total volume of the solvent area was calculated to be 1057 À (14.8 vol %) 
(PLATON29). This volume is filled with unidentified solvent molecules. 
Positional and thermal parameters of selected atoms are given elsewhere,25 and selected 
bond distances and bond angles are given in Table 4.3. The molecular structure of 2 is 
given in Figure 4.3. 
4.3 Results and Discussion 
4.3.1 Synthesis, Characterization and Crystal Structure 
of [Pt(H)(CuCl)(AuPPh3)8](N03) [(1)] 
The cluster compound [Pt(H)(CuCl)(AuPPh3)8](N03) (1) is obtained from the reaction 
of [Pt(AuPPh3)8](N03)2 with dihydrogen and CuCl in acetone solution (yield:80 %). It is 
thought that the formation of 1 proceeds in a way analogous to that supposed for [Pt(H)-
75 
(AgN03)(AuPPh3)g](N03) (réf. 10, chapter 3); i.e., after oxidative addition of H2 to 
[Pt(AuPPh3)g]2+, one of the H-ligands of the resulting dihydride [Pt(H)2(AuPPh3)g]2+ 
(ref. 9, chapter 2) is replaced by electrophilic substitution of CuCl. 1 was characterized 
by means of elemental C,H and N analysis, ICP analysis, and by IR, 31P NMR and 
Pt NMR spectroscopy. Its solid-state structure was revealed by a single-crystal X-ray 
analysis. 
31P NMR Spectroscopy 
As a result of the fluxional behaviour of the different phosphine sites at room tempera-
ture a singlet at 5=54.1 ppm with 27(P-l95Pt)=410 Hz is observed in the 31P NMR spec-
trum of 1. The magnitude of the J(P- Pt) shows it to be a J coupling, thereby indicating 
that the platinum atom is occupying the central position surrounded by AuPPh3 units (vide 
infra). 
When comparing this 27(P-195Pt) with that of the (Sa)2(Pa)4 cluster [Pt(CuCl)(Au-
PPh3)8](N03)2 (27(P-195Pt)=445 Hz, ref. 5) a significant drop is observed for that of 1. 
This is a commonly observed tendency when going from an (S°) (Ρσ) cluster to a 
closely related (S°)2(P°)6 cluster30 (see Table 4.4). 
195Pt NMR Spectroscopy 
The 1 9 5Pt NMR spectrum of 1, with δ=-6015 ppm, is typically located for an 
(S a) 2(P a) 6 cluster compound, i.e. up-field of -5400 ppm. Cluster compounds with an 
(S 0) 2(P a) 4 electron configuration on the other hand are typically observed down-field of 
-4500 ppm. Phosphorus decoupling of the 1 9 5Pt NMR spectrum of 1 results in a doublet 
due to 1/(Pt-1H)=678 Hz. The magnitude of this coupling is in the range normally obser­
ved for hydride containing PtM compounds in which the hydride is bridging between the 
platinum and the metal atom M.31"37 The magnitude of '/(Pt-'H) for hydride ligands 
which are terminally bonded to platinum is observed to be significantly larger; ' it is 
therefore concluded that the hydride ligand in 1 is bridging between platinum and 
peripheral metal atoms, most likely gold atoms as derived from the solid-state structure 
(vide infra). This is in agreement with the absence of a terminal Pt-H stretching vibration 
(in the 2300-1700 cm - 1 range) in the IR spectrum of 1. The region where bridging 
hydrides may be observed in IR spectra (1400-800 cm- 1) is obscured for 1 due to the 
absorption bands of the PPh3 ligands and the N03~. 
The presence of 8 AuPPh3 units bonded to the central platinum atom of 1 is concluded 
from the nonet structure with 27(Pt-31P)=410 Hz in the ' ^ { ' Н } NMR spectrum. 
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Table 4.4: Comparison of2J(3lP-,95Pt) between toroidal (FftP0)4 and closely related 































































The solid-state structure of 1 as revealed by X-ray analysis (Figure 4.1) shows that the 
cluster framework is analogous to that reported for [Pt(H)(AgN03)(AuPPh3)g](N03) (ref. 
10, chapter 3). The platinum atom, which is in central position as seen from the NMR 
data, is surrounded by eight AuPPh3 units and one CuCl unit. The metal core of 1 is 
clearly derived from an icosahedral (spheroidal) geometry, which is in agreement with its 
(S°)2(P°)6 electron configuration:1 the copper atom is positioned at the bottom-vertex of 
the icosahedron and the eight gold atoms are situated at eight adjacent vertices. Three 
adjacent vertices of the fictitious icosahedron therefore are not occupied by any metal 
atom and they define the region that is most likely occupied by the hydride ligand. This 
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P6 
Figure 4.1: X-ray structure of [Pt(H)(CuCl)(AuPPh3)8](N03) (1) with atom labeling for 
Pt, Au, Cu, Ρ and Cl. Phenyl rings and the NO f ion have been omitted for the sake of 
clarity. Thermal ellipsoids are at 50 % probability. 
hydride ligand could not be located in the X-ray analysis directly, but spectroscopic data 
(see above) indicate that the hydride is in a bridging position between the central platinum 
and peripheral metal atoms. This implies that the hydride ligand is bridging between 
platinum and gold atoms. The copper atom, which is less electronegative than gold, is 
situated 'trans' to the region where the relatively electronegative H-ligand resides. It is 
noteworthy that the Pt-Cu-Cl bond angle deviates substantially from linearity as seen from 
Figure 4.1 and Table 4.2. The Cl-Cu vector is directed towards the region defined by the 
platinum atom, Au(l), Au(5) and Au(7). If the hydride ligand is located in this specific 
region, the deviation of the Pt-Cu-Cl bond angle from linearity can be rationalized: the 
alignment of the Cl-Cu vector towards the hydride region provides a suitable opportunity 
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for the hydride ligand to draw electron density from the less electronegative, largely 
linearly hybridized copper atom. 
The Ft-Au distances (2.616 Â to 2.698 À) and the Au-Cu distances (2.704 À to 
2.958 Â) are in the normal range; the only exception is the Au(l)-Cu(l) distance, 3.320 Â, 
which is substantially longer. The Pt-Cu distance (2.548 À) is short as compared to other 
known Pl-Cu distances.5,40"42 
Tn the crystalline state no nitrates were located within coordinating distances from any 
metal atom; this is also concluded from the IR spectrum where no coordinated N03 is 
observed. The presence of a Cu-Cl stretching vibration could not be detected in the IR 
spectrum of 1; this is also the case for other PtAuCu clusters containing only one CuCl 
unit.5 However, a Cu-Cl stretching vibration for 2, in which 2 CuCl units are present, can 
be assigned (vide infra). 
4.3.2 Synthesis, Characterization and Crystal Structure 
of [Pt(H)(CuCl)2(AuPPh3)8](N03) [(2)] 
The reaction of [Pt(AuPPh3)g](N03)2 with CuCl, in a molar ratio of 1:2, under di-
hydrogen atmosphere in acetone, methanol or dichloromethane yields the cluster com-
pound fPt(H)(CuCl)2(AuPPh3)8](N03) (2). 2 was also obtained from the reaction of 
[Pt(AuPPh3)g](N03)2 with CuCl in a molar ratio of 1:1 under dihydrogen atmosphere in 
methanol or dichloromethane. However, this reaction in acetone yields cluster 1 as seen in 
the previous section. 
The reaction between [Pt(CuCl)(AuPPh3)g](N03)2 and dihydrogen in methanol or 
dichloromethane results in the formation of 2 and [Pt(AuPPh3)8](N03)2 in equimolar 
amounts. Monitoring this reaction with 31P NMR spectroscopy shows that cluster 1 is 
present during the early stages of this reaction, and that [Pt(H)2(AuPPh3)8] is also 
present in the reaction mixture under dihydrogen (after replacing H2 by air, this dihydride 
cluster is converted to [Pt(AuPPh3)8]2+;see chapter 2, ref. 9). 
The observations from these methanol- and dichloromethane-reactions are in agreement 
with the net intermolccular CuCl transfer reaction of 1 as shown in Figure 4.2. Such an 
intermolecular CuCl transfer reaction of 1 to yield 2 is remarkable because, as seen in the 
previous section, cluster 1 is a stable compound that can be recrystallized from a metha-
nol/dichloromethane environment in several days, without any detectable formation of 2. 
We therefore conclude that this intermolecular CuCl transfer reaction in methanol or 
dichloromethane is promoted by the presence of H+ in the reaction mixture.10 Electrophilic 
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i2+ 2 [Pt(CuCI)(AuPPh3)8f+ +2 H2 - 2 [R(H)(CuCI)(AuPPh3)8]+ (1) + 2H+ 




Figure 4.2: Reaction scheme showing the net intermolecular CuCl transfer reaction of 1 in 
methanol or dichloromethane solution, resulting in the formation of 2 (see text). 
addition of H+ to 1 is then postulated to result in minor (i.e., undetectable) amounts of a 
dihydride cluster (reaction (7A)) that eliminates a CuCl unit (reaction (7B)) which then 
reacts rapidly with 1 (reaction (7Q): 
[Pt(H)(CuCl)(AuPPh3)8]+ + H+ 
[Pt(H)2(CuCl)(AuPPh3)8]2+ (7A) 
[Pt(H)2(CuCl)(AuPPh3)8]2+ 
[Pt(H)2(AuPPh3)8]2+ + CuCl(solv.) (7B) 
CuCl(solv.) + [Pt(H)(CuCl)(AuPPh3)8]+ 
[Pt(H)(CuCl)2(AuPPh3)g]+ (7C) 
The Lewis acid CuCl obviously prefers addition to 1 because this is the most basic cluster 
present in solution. 
The solvent dependence (acetone-reactions yield 1, see previous section; methanol- and 
dichloromethane-reactions yield 2) may then be translated to the amount of dihydride 
[Pt(H)2(CuCl)(AuPPh3)g] formed: apparently this dihydride is more pronounced in 
methanol and dichloromethane than it is in acetone solution. This can be related to the 
proton affinities of these solvents, which for acetone is significantly higher than for 
methanol and dichloromethane. The absence of such a net intermolecular transfer of 
AgN03 for [Pt(H)(AgN03)(AuPPh3)8](N03), which is related to 1, might be due to the 
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high charge of the hypothetical dihydride [Pt(H)2(Ag)(AuPPh3)8]3+, which is an additional 
reason for its high Br0nsted acidity (ref. 10, chapter 3); protonation of 1 is obviously more 
pronounced (although not detectable by NMR spectroscopy) than for its silver analogue 
[Pt(H)(Ag)(AuPPh3)8]2+. 
3 1 P NMR and 1 9 5 Pt NMR Spectroscopy 
The Ρ NMR spectrum of 2 consists of a singlet at 8=56.3 ppm, due to the fluxionality 
of the different P-sites, with 2/(P-195Pt)=390 Hz. The magnitude of this coupling is in the 
range normally observed for a 2J coupling mediated through a gold nucleus. This NMR 
appearance therefore shows unambiguously that 2 has a platinum atom in central position 
which is surrounded by AuPPh3 units. 
The 1 9 5Pt NMR resonance of 2, located at δ=-6399 ppm, is characteristic for an 
(8σ)2(Ρσ)6 mixed metal PtAu cluster compound. The presence of 8 AuPPh3 units bonded 
to the central platinum atom is clear from the nonet splitting with 2J(Pt-31P)=390 Hz in 
the 195Pt{ Ή} NMR spectrum. The presence of one hydride ligand in 2 is inferred from 
the doublet structure with ,/(Pt-1H)=597 Hz in the 1 9 5Pt(3 1P} NMR spectrum. From the 
magnitude of this coupling, like for 1, it is concluded that the hydride ligand in 2 is also 
bridging between the central platinum and peripheral metal atoms, most likely gold atoms 
as deduced from crystallographic information (vide infra). 
Comparison of the three related clusters [Pt(H)(AuPPh3)g](N03) (ref. 31), 1 and 2 
shows that the order for 5(195Pt) is [Pt(H)(AuPPh3)8](N03)>l>2 (see Table 4.5). This 
sequence can be attributed to the more complete spherical surrounding of the central Pt 
atoms in these (8σ) 2(Ρσ) 6 clusters, due to successive addition of CuCl units in going from 

















[Pt(H)(AuPPh3)g](N03) to 1 to 2. This more complete spherical surrounding of the central 
Pt atom, leading to a more spherical electron distribution, apparently reduces the contribu­
tion of the paramagnetic term in the total shielding of this platinum atom; the paramagne­
tic term causes a deshielding, so a reduction of this term causes the platinum to resonate 
at higher field. The same effect was observed for [Pt(H)(AgN03)(AuPPh3)8](N03) and 
[Pt(H)(AgN03)2(AuPPh3)8](N03) (ref. 10, chapter 3). 
In comparing the scalar coupling constants between Pt and H, and between Pt and Ρ for 
[Pt(H)(AuPPh3)g](N03), 1 and 2 it is observed that these constants decrease in the order 
[Pt(H)(AuPPh3)8](N03)>l>2 (see Table 4.5). This is due to the decrease in bond order 
between the central Pt, the hydride and the peripheral metal atoms in going from [Pt(H)-
(AuPPh3)g](N03) to 1 to 2 as with the same number of bonding electrons for all three 
clusters, additional Pt-Cu bonds have to be maintained. This decrease in bond order in 
going from 1 to 2 is also reflected in the (mean) Pt-Au and Pt-Cu bond lengths of 1 and 2 
(vide infra). 
Figure 4.3: X-ray structure of [Pt(H)(CuCl)2(AuPPh1)8](N03) with atom labeling for Pt, 
Au, Cu, Ρ and Cl. Phenyl rings and the NO f ion have been omitted for the sake of 
clarity. Thermal ellipsoids are at 50 % probability. 
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Crystal Structure 
The X-ray structure analysis of the solid shows (Figure 4.3) that the metal core of 2 
consists of eleven metal atoms. The central position is occupied by a platinum atom (as 
concluded from NMR experiments) which is surrounded by eight gold atoms and two 
copper atoms in an icosahedral (spheroidal) geometry. This surrounding is in agreement 
with the (Sa)2(P°)6 electron configuration of 2.1 The gold atoms are all bonded to tri-
phenylphosphine ligands, whereas both copper atoms are bonded to CI. No close Cu-Cu 
contacts are observed in the solid-state geometry of 2. The structural relationship between 
the cluster frameworks of 1 and 2 is clear from Figures 4.1 and 4.3: cluster 2, as com­
pared to 1, has one more vertex of a fictitious icosahedron filled. This results in a more 
spherical surrounding of the central platinum atom which was related to the difference in 
5(195Pt) for 1 and 2 as discussed above. 
So, comparison of the solid-state structures of 1 and 2 shows that in 2 the metal core 
of 1 has been extended with an extra copper atom (Cu(2)) with net rearrangement of one 
gold atom (Au(5)). This rearrangement was also observed for the related compounds 
[Pt(H)(AgN03)(AuPPh3)8](N03) and [Pt(H)(AgN03)2(AuPPh3)8](N03) (see chapter 3). 
Derived from an icosahedral geometry the solid-state structure of 2 (Figure 4.3) has two 
vertices which are not occupied by any metal atom. This region clearly defines the area 
where the hydride ligand is to be located in a bridging position as based on spectroscopic 
considerations. 
The Pt-Au distances (2.650 Λ to 2.705 Â) as well as the Pt-Cu distances (2.532 Â and 
2.605 À) for 2 are, on average, significantly longer than those for 1. These longer radial Pt 
to metal distances are caused by the lowering in bond order of the Pt-Au and Pt-Cu bonds 
in going from 1 to 2. This is due to the additional Pt-Cu bond that has to be formed with 
the same number of bonding electrons. The increase of the radial Pt to metal distances 
therefore correlates with the decrease in scalar coupling constants between Pt and Η and 
between Pt and Ρ in going from 1 to 2. 
No nitrates were located within coordinating distances from any metal atom; this is also 
seen in the IR spectrum, where N03~ is observed at 1353 cm (uncoordinated N03~). 
The presence of Cu-Cl bonds is also concluded from the Cu-Cl stretching vibration 
(327 cm- 1) in the IR spectrum of 2. The absence of a terminal Pt-H stretching vibration 
further supports the proposed bridging nature of the hydride ligand. 
Elemental C,H and N analysis, together with the Pt:Au:Cu ratio as obtained from ICP 
analysis, is in agreement with the formulation [Pt(H)(CuCl)2(AuPPh3)8](N03). 
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4.3.3 Synthesis and Characterization 
of [Pt(H)(AuPy)(AuPPh3)8](N03)2 [(3)] 
The (8 σ) 2(Ρ σ) 6 cluster compound [Pt(H)(AuPy)(AuPPh3)8](N03)2 (3) (in which Py= 
C5H5N) is obtained from the reaction of [Pt(AuPPh3)8](N03)2 with AuPPh3N03 and H2 in 
pyridine in quantitative yields. In analogy with the preparation of 1 and [Pt(H)(AgN03)-
(AuPPh3)8](N03) (ref. 10, chapter 3) it is proposed that 3 is formed by electrophilic 
substitution of a hydride ligand of [Pt(H)2(AuPPh3)g](N03)2 by a d10-metal unit, in this 
case AuPy+. Due to steric arguments this electrophilic substitution is not allowed to a 
AuPPh3
+
 unit: from calculations it was concluded that the maximum number of triphenyl-
phosphines bonded to the metal core of gold clusters comes to eight.45,46 This finding is 
validated by the absence of clusters with more than eight such voluminous triphenyl-
phosphine groups. Coordination of pyridine to this gold atom by-passes this steric problem 
and apparently is appreciated over coordination of nitrate. Nitrogen coordination of N-
bases to gold is well-known from literature. 
Cluster 3 was characterized by means of elemental analysis, ICP analysis, and IR, 
Ή NMR, 3 1 P NMR and 1 9 5Pt NMR spectroscopy. 2H NMR experiments of 3 in which 
the pyridine-ligand was pyridine-d5, provided further evidence for pyridine coordination 
to one of the gold atoms. 
31P NMR and 195Pt NMR Spectroscopy 
The 3 1 P NMR spectrum of 3, which consists of a singlet at 6=52.3 ppm with a 
27(P-l95Pt)=388 Hz, shows the presence of a central platinum atom. The magnitude of 
7(P-'95Pt) is indicative of a 2J coupling via a gold, and therefore shows that the PPh3 
groups are all coordinated to gold. This means that there is no direct Pt-P bond. 
The 195Pt{'H} NMR spectrum, located at δ=-6410 ppm, shows the presence of 8 
AuPPh3 units by means of a nonet splitting with
 27(Pt-31P)=388 Hz. The position of the 
1 9 5Pt NMR resonance shows 3 to be an (8σ)2(Ρσ)6 cluster compound. 
The presence of a direct Pt-H bond is proved by the 195Pt{31P} NMR spectrum, which 
shows a doublet structure due to 17(Pt-1H)=665 Hz. The magnitude of this coupling is, 
like for other hydride containing PtAu-clusters, characteristic for a hydride bridging 
between platinum and gold atoms. This bridging position is in agreement with the absence 
of a terminal Pt-H stretching vibration in the IR spectrum. 
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1H NMR Spectroscopy 
The hydride ligand of 3 is observed at δ=+1.4 ppm; the 8 AuPPh3 units cause a nonet 
splitting of this signal with 7(H- P)=13 Hz. The central platinum atom gives rise to two 
l95Pt-satellite peaks with '7(H-,95Pt)=665 Hz. The location of this hydride resonance is 
shifted considerably to low-field as compared to terminal platinum hydrides.39,52 Together 
with the absence of a terminal Pt-H stretching vibration in the IR spectrum and the magni­
tude of the Pt-H scalar coupling constant as discussed above, this is a strong indication 
towards the bridging position of the hydride ligand, since it is known that hydride chemi­
cal shifts are observed significantly low-field on bridging. •• 
The pyridine-resonances could not be assigned in the Ή NMR spectrum due to the 
presence of intense PPh3-resonances in the aromatic region. 
Evidence for Pyridine-Coordination to Gold 
As seen from the ICP analysis of 3, this cluster consists of 9 Au atoms and 8 PPh3 
groups in addition to one Pt atom. From NMR data it was concluded that the PPh3 groups 
are all coordinated to gold atoms and that there is no Pt-P bond. This implies that 3 has 
one gold atom that is not coordinated to a phosphine ligand. 
Elemental analysis of 3 is in perfect agreement with the presence of three nitrogen 
atoms per molecular formula (see Experimental Section). However, when the uncoordina­
ted nitrates of 3 were replaced by PF6~ anions to yield 3a, elemental analysis of this pro­
duct revealed the presence of one nitrogen atom per molecular formula (see Experimental 
Section). This not only indicates the presence of two uncoordinated nitrates in 3, which 
can be replaced by PF6~, but more importantly implies that a nitrogen-containing ligand is 
coordinated to the afore-mentioned ninth gold atom. The IR spectrum of 3 shows no 
absorption bands due to coordinated N0 3 and the IR spectrum of 3a shows the absence of 
coordinated as well as of uncoordinated N0 3 . These observations exclude nitrate to be the 
nitrogen-containing ligand coordinated to this gold atom, leaving pyridine as the probable 
candidate. 
Pyridine-coordination has been unambiguously established by means of 2H NMR ex­
periments with 3 that has been synthesized as outlined in the Experimental Section with 
use of pyridine-d5 instead of pyridine. Its H NMR resonances are shown in Figure 4.4B: 
they are substantially broadened as compared to the resonances of free pyridine-d5 (Figure 
4.4A). Furthermore, the difference between the resonances for the α-position and the ß-
position (1.17 ppm) is significantly decreased as compared to that for free pyridine-dS in 
CH2C12 (1.29 ppm) (all spectra were recorded with a digital horizontal resolution of 
0.27 Hz per data point). This decrease is in the order of magnitude normally found upon 
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Figure 4.4: (A) 2H-NMR spectrum of pyridine-d5 in CH2Cl2 (30.722 MHz); (B) 2H-NMR 
spectrum of'3 synthesized with pyridine-d5 in CH2Cl2 (30.722 MHz) (see text). 
coordination of pyridine-like bases; 9 the absolute positions of the resonances are not 
shifted more than approximately 0.2 ppm with respect to free pyridine-d5. When excess 
Et4NCl was added to the NMR sample in situ, to yield 4a, the resonances of undisturbed 
free pyridine-d5 were recovered. All H NMR spectra were recorded under equal condi­
tions and so the differences are not due to temperature or concentration effects. The obser­
ved decrease in peak separation for 3 with pyridine-d5 as compared to free pyridine-d5 
must therefore be the result of coordination of the pyridine to gold. 
If coordination would have occurred to the central platinum atom, a violation of the 
(Sa)2(P°)6 electron configuration of 3 would have taken place. 
4.3.4 Synthesis and Characterization of 
[Pt(H)(AuX)(AuPPh3)8]+ [(4)] (X=C1, Br or SCN) 
The pyridine-ligand of 3 can be substituted by СГ, Br~ or SCN" to give [Pt(H)(AuX)-
(AuPPh3)8]+, in which X=C1 (4a), Br (4b) or SCN (4c). These products were characterized 
by means of ICP analysis, IR and 3 1 P NMR spectroscopy. The reactions for X=C1 and Br 
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proceed to quantitative yields, which further support the close similarity of the products 
with 3. The corresponding reaction with X=SCN has a yield of 70 %. 
The differences in Ρ NMR data for 4a, 4b and 4c are only very small; similar minor 
differences in Ρ NMR data within a series of halide containing clusters were also 
observed for other PtAu cluster series among which [Pt(CO)(AuX)(AuPPh3)7](N03) and 
[Pt(H)(PPh3)(AuX)(AuPPh3)6](N03) (ref. 54). Furthermore the 3 1 P NMR data of 4a, 4b 
and 4c are largely similar to that of 3. 
[Pt(H)(AuCl)(AuPPh3)8](N03)[(4a)] 
The Ρ NMR spectrum of 4a, which can be synthesized by substituting the pyridine-
ligand of 3 by СГ, is observed at 5=51.5 ppm as a singlet with two 195Pt-satellite peaks 
with 27(P-195Pt)=393 Hz. The ICP analysis shows that 4a has a Pt-Au-P composition 
which equals that of the parent cluster compound 3. The cationic nature of 4a is seen from 
the presence of uncoordinated nitrate in the IR spectrum, and is in agreement with the 
insolubility of 4a in apolar solvents like benzene and toluene. The 1+ charge is supposed 
in order to obey the (S a) 2(P a) 6 electron configuration. 
4a can also be prepared from the reaction of [Pt(AuPPh3)g](N03)2 with AuPPh3Cl and 
H2 in pyridine, resembling the synthesis of 3. Comparison of 3 and 4a shows that СГ is 
stronger bonded than pyridine. 
[Pt(H)(AuBr)(AuPPh3)g](Br)[(4b)] 
Cluster 4b is prepared in quantitative yield by substituting the pyridine-ligand of 3 by 
Br"; the same cluster was also reported to be obtained from the reaction of [Pt(AuPPh3)8]-
(N0 3) 2 with Br~ in refluxing ethanol; however the reproducibility and the yield of this 
reaction were rather poor. It is remarkable that, unlike for 4a, compound 4b could not 
be obtained from the reaction of [Pt(AuPPh3)8](N03)2 with AuPPh3Br and H2 in pyridine. 
The 3 1 P NMR spectrum of 4b consists of a singlet at 5=51.4 ppm with V(P-195Pt)= 
393 Hz. The ICP analysis, showing the presence of a PtAu9P8 frame, indicates 4b to be 
closely related to the parent compound 3. The observed insolubility in apolar solvents like 
benzene and toluene is taken as an indication towards the charged nature of 4b. In analogy 
to 4a the charge of this cluster is taken to be 1+, as the Pt NMR resonance of 4b, 
situated at 5=-6154 ppm,19 is strongly indicative of an (S°) (Ρσ) cluster. However, the 
absence of an absorption band of nitrate in the IR spectrum points towards Br- as counter 
anion to 4b (it is known that bromide can indeed serve as counter anion to this cluster19). 
Chloride on the other hand has never been observed as counter ion in PtAu clusters until 
now; probably the chloride is too small to stabilize solid lattices of such clusters in which 
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rather large cavities exist between the cationic cluster units. This is in agreement with the 
isolation of 4a as the nitrate salt. 
[Pt(H)(AuSCN)(AuPPh3)8](SCN)[(4c)] 
When the pyridine-ligand of 3 is substituted by SCNT, cluster 4c is obtained. ICP 
analysis shows that the PtAu9P8 framework is preserved. The
 3 , P NMR data, a singlet at 
δ=51.5 ppm with 27(P-195Pt)=390 Hz, indicate the close relationship with 4a, 4b and with 
3. The IR spectrum shows that a thiocyanate is coordinated to gold: the C-N stretching 
vibration of the coordinated thiocyanate is observed at 2099 cm - 1, which is characteristic 
for a sulfur-coordinated thiocyanate Coordination of SCN" to gold by the soft sulfur 
is apparently appreciated over coordination by the harder nitrogen. Coordination to the 
central Pt atom would violate the (S°)2(Pa)6 electron configuration of 4c, therefore it is 
concluded that the thiocyanate is coordinated to gold. So in 4c eight gold atoms are 
coordinated by PPh3 and one gold is coordinated by SCN". 
The presence of uncoordinated, ionic thiocyanate is also clear from the IR spectrum 
(2050 cm"1; ref. 55,56); the absence of a nitrate vibration shows that the nitrates of 3 have 
been replaced by a SCN" in 4c. 
4.3.5 Synthesis and Characterization 
of [Pt(H)(PPh3)(CuCl)(AuPPh3)6]+ [(5)] 
The (S°)2(Pa)6 cluster compound [Pt(H)(PPh3)(CuCl)(AuPPh3)6]+ (5) is obtained 
from the reaction between the hydride containing [Pt(H)(PPh3)(AuPPh3)7](N03)2 and 
[PPh3CuCl]4, according to the net reaction: 
[Pt(H)(PPh3)(AuPPh3)7]2+ + 'PPh3CuCl' — 
[Pt(H)(PPh3)(CuCl)(AuPPh3)6]+ + Au(PPh3)2+ (8) 
Compound 5 is closely related to [Pt(H)(PPh3)(AuCl)(AuPPh3)6]+, obtained from the 
reaction of [Pt(H)(PPh3)(AuPPh3)7]2+ with chloride;54 spectroscopic data of both clusters 
reflect this similarity (vide infra). 
It is worth noting that 5 could also be obtained by using [PPh3CuBr]4 or [PPh3CuI]4 
instead of [PPh3CuCl]4. It is presumed that this is due to a halide-exchange reaction with 
dichloromethane on the alumina column. Donation of СГ by dichloromethane is also 
observed in other cases. Apparently chloride is favoured to substitute the bromide and 
iodide at the copper atom of 5. The opposite trend is observed for the cluster [Pt(CO)-
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(AuCl)(AuPPh3)7]+; this cluster reacts with Γ to yield [Pt(CO)(AuI)(AuPPh3)7]+ (ref. 54). 
Here, the soft gold atom prefers coordination to the soft iodide over coordination to the 
chloride. 
Due to the presence of TBAH in the final product, elemental C.H and N analyses were 
not performed. The nature of the counter anion is not clear: the IR spectrum reveals the 
presence of uncoordinated nitrate as well as of PF 6" (originating from TBAH). Like for 1, 
the presence of a Cu-Cl stretching vibration was not detected in the IR spectrum. Cluster 5 
was further characterized by ICP analysis (Pt:Au:Cu= 1:6.2:1.1), 3 l P NMR, 1 9 5Pt NMR and 
lH NMR spectroscopy and by means of FAB-MS. 
3 1 P NMR and 1 9 5 Pt NMR Spectroscopy 
The 3 1 P NMR spectrum of 5 demonstrates the presence of a platinum bonded phosphine 
at 5=56.1 ppm, with two 195Pt-satellites (V(P-195Pt)=2642 Hz), and a septet structure with 
3
ДР-Р)=28 Hz. The gold bonded phosphines are observed as a doublet due to this 37(P-P), 
at 5=49.8 ppm with 27(P-195Pt)=410 Hz. The splitting pattern clearly shows there is one 
phosphine bonded directly to the platinum atom, which is in central position surrounded 
by six AuPPhj units. This is also in agreement with the 1:6 intensity ratio of septet:dou-
blet. 
The AuPPhj units give rise to one resonance, thereby pointing to a fluxional behaviour 
of these phosphine sites in solution. The appearance of the Ρ NMR spectrum is identical 
to that of [Pt(H)(PPh3)(AuX)(AuPPh3)6]+ (X=C1, Br, I). 5 4 
The , 9 5 Pt( 'H) NMR spectrum (Figure 4.5A) also shows the presence of one phosphine 
ligand bonded directly to Pt and of six AuPPh3 units by means of a doublet splitting with 
17(Pt-31P)=2642 Hz, which is superimposed on a septet splitting with 27(Pt-31P)=410 Hz 
(the two outmost peaks of each septet in Figure 4.5A are hardly seen due to noise, but the 
intensity ratio of the peaks clearly shows these signals to be septets). The 5(195Pt) of 5 is 
located at -5566 ppm. This value is characteristic for an (Sa)2(P°)6 electron configuration 
and is similar to that of the related [Pt(H)(PPh3)(AuI)(AuPPh3)6]+ which has 5(195Pt)= 
-5541 ppm.54 
The Ή-coupled 1 9 5Pt NMR spectrum of S (Figure 4.5B) shows an additional doublet 
splitting due to 'ДР1-'Н)=606 Hz. This coupling is similar to that found in other hydride 
containing PtAu clusters9 '1 0 , 1 7 , 3 1 '3 2 and is even identical to that in [Pt(H)(PPh3)(AuI)-
(AuPPh3)6]+ (ref. 54), and therefore indicates the presence of a hydride ligand bonded 
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Figure 4.5: (Α) Ι95Ρί(Ή} NMR spectrum , and (Β) mPt NMR spectrum of 
[Pt(H)(PPhj)(CuCl)(AuPPh3)6J+ (S). 
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*H NMR Spectroscopy 
The Ή NMR resonance for 5 is located at δ=+0.46 ppm. Therefore this resonance, like 
for 3 and other PtAu clusters,9,10·17·31·32 i
s
 considerably shifted down-field as compared to 
terminal platinum hydrides.39'52 Together with the magnitude of 'j(H-195Pt)=606 Hz and 
the absence of a terminal Pt-H stretching vibration in the IR spectrum, this is taken as 
strong evidence for the bridging position of the hydride ligand between the central plati­
num and peripheral metal (gold, vide infra) atoms. 
Considerations on Molecular Structure 
The molecular geometry of 5 as a solid is supposed to resemble that of the isoelectronic 
parent [Pt(H)(PPh3)(AuPPh3)7]2+ cluster,17 which also is a spheroidal (Sa)2(P°)6 
Pt(H)(P)(M)7-cluster. This structure is derived from a cubic geometry, with Pt in central 
position (as evidenced by spectroscopic data) surrounded by 7 metal atoms at the vertices 
of a cube; the platinum bonded phosphine ligand is situated at the remaining eighth vertex. 
It is then interesting to speculate on the three possible isomers for 5, arising from different 
positions for the CuCl unit (Figure 4.6). From the metal positions in these figures it is 
evident that for all three isomers the bridging hydride ligand is located at the 'open' side. 
Φ pt · cu О Au O P θ CI 
Figure 4.6: Three different possible isomers for 5, assuming its Pt(P)(M)7 -skeleton is 
derived from a spheroidal, cubic geometry (see text). 
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It is then postulated, in analogy with the observed structures of 1 and 2, that isomer A 
corresponds to the most stabilized geometry, because in this arrangement the relatively 
electronegative H-ligand is situated 'trans' to the copper, which is less electronegative 
than gold This postulation is (like the observations of the solid-state structures of 1, 2, 
[Pt(H)(AgN03)(AuPPh3)8](N03) (ref. 10, chapter 3) and [Pt(H)(AgN03)2(AuPPh3)8](N03) 
(ref 10, chapter 3)) in contrast with the finding that for some other clusters the site 
preference is such that the most electronegative metal atom (in this case gold) is located 
on a position with highest connectivity · In these latter cases, however, it was not 
necessary to take into account the presence of the relatively electronegative H-ligand 
Fast Atom Bombardment Mass Spectroscopy (FAB-MS) 
The molecular composition of 5 was also confirmed by positive ion FAB-MS, which 
has been proved to be a successful technique for the determination of the molecular com­
position of canonic clusters The positive ion FAB-MS in the 2200-3500 mass range has 
a large number of peaks of which a selection of the centroids as well as their assignment 
is given in Table 4 6 No significant peaks with masses higher than that of M+ are ob­
served This FAB-MS result is, like all other previously described data, in agreement with 
the formulation of 5 as [Pt(H)(PPh3)(CuCl)(AuPPh3)6]+ 
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In this chapter several hydride containing mixed metal-gold phosphine clusters have 
been reported It was show that in [Pt(H)(AuPy)(AuPPh3)8](N03)2 (3) a pyridine Ugand is 
bonded to a gold atom and that this pyridine ligand can be replaced by СГ, Br" and SCN~ 
to yield the related compounds 4a, 4b and 4c respectively In addition to these pure PtAu 
clusters, three copper containing hydnde clusters were characterized The crystal structures 
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of [Pt(H)(CuCl)(AuPPh3)8](N03) (1) and [Pt(H)(CuCl)2(AuPPh3)8](N03) (2) show that the 
copper atoms are located 'trans' to the hydride ligand and that in 2 the copper atoms are 
not in neighbouring positions with respect to each other. 
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Chapter 5 
Synthesis and Characterization of 
Platinum-Gold Clusters Fused to Tetrahedral 




The synthesis, characterization and reactivity of mixed metal-gold clusters have been 
studied extensively over the last decade. From these studies it is known that nucleophilic 
addition reactions of a Lewis base to the central metal of toroidal (8σ)2(Ρσ) (16 electron) 
clusters result in spheroidal (S0)2(F°)6 (18 electron) clusters:1,2 
[Au(AuPPh3)7]2++ PPh3 ш- [Au(PPh3)(AuPPh3)7]2+ (1) 
[Pt(AuPPh3)g]2++ CO •- [Pt(CO)(AuPPh3)8]2+ (2) 
However, when a Lewis base is added to a (S°) (P°) cluster this sometimes results in the 
replacement of the ligands on the peripheral gold atoms, without changing the electron 
configuration of the cluster:3 
[Au(AuPPh3)7(AuSCN)3] + η P(p-C1C6H4)3 — 
[Au(AuPPh3)7.n(AuP(p-ClC6H4)3)n(AuSCN)3] (n=l-7) (3) 
This chapter has been submitted for publication in Inorganic Chemistry by 
T.G.M.M. Kappen, P.P.J. Schlebos, J.J. Bour, W.P. Bosman, J.M.M. Smits, 
P.T. Beurskens and J.J. Steggerda. 
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Of major interest with respect to cluster growth mechanisms is the electrophilic addition of 
M(I)-species (M=Cu, Ag, Au):4·5·6 
[Pt(AuPPh3)8]2++ CuCI »• [Pt(CuCl)(AuPPh3)g]2+ (4) 
[Pt(AuPPh3)g]2++ Ag+ - [Pt(Ag)(AuPPh3)g]3+ (5) 
[W(CO)4(AuPPh3)5]+ + AuPPh3+ - [W(CO)4(AuPPh3)6]2+ (6) 
In these reactions the nuclearity of the cluster metal core is increased by one. Further 
additions of M(I)-species to e.g. the toroidal (S a)2(P a)4 clusters [Pt(CuCl)(AuPPh3)g]2+ 
and [Pt(Ag)(AuPPh3)g]3+ is blocked due to steric arguments. The eleven metal-atom 
PtCu2Au8 and PtAg2Aug frames can only be obtained in spheroidal (Sa)2(P°)6 clusters.7,8 
Three silver atoms are incorporated when reacting [Pt(AuPPh3)8]2+ with Ag(PPh3)(N03):9 
[Pt(AuPPh3)8]2+ + 3 Ag(PPh3)(N03) — 
[Pt(PPh3)(AgN03)3(AuPPh3)6] + 2 Au(PPh3)2+ (7) 
It is noteworthy that the solid-state structure of this PtAg3Au6 cluster is such that there are 
no direct silver-silver contacts: the silver atoms are separately distributed amongst the nine 
peripheral metal atoms. 
Another ternary Pt-Au-Ag compound with a high silver-content can be obtained from 
the reaction of [Pt(H)(PPh3)(AuPPh3)7](N03)2 with Ag(PPh3)(N03) and subsequent 
addition of NaCl.10 This reaction yields the supracluster [Pt2(AuPPh3)10Ag13Cl7], whose 
structure consists of separate gold- and silver-layers in such a way that eleven silver atoms 
have close silver-silver contacts. 
In this chapter we report the synthesis and characterization of three new cluster 
compounds with high copper contents. These clusters are obtained from the reaction of 
[Pt(AuPPh3)g](N03)2 with [PPh3CuX]4 (X=C1, Br, I): 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03)(l), [Pt(PPh3)(AuPPh3)6(Cu4Br3(PPh3)y)](N03) 
(2) (y=0 or 1) and [Pt(PPh3)(AuPPh3)6(Cu4I3)](N03) (3). Clusters 1 and 3 are fully 
characterized, whereas 2 is only characterized by means of NMR data. In 1 an additional 
PPh3 ligand is present on its Cu4-unit as compared to 3. Both clusters have a tetrahedral 
Cu4-unit which is face (η3) bonded to the central platinum atom. Short copper-gold and 
copper-platinum distances show that the copper atoms, although coagulated, are part of the 
cluster core. The metal core of these new compounds can thus be regarded as a PtAu6-
cluster which has been fused to a Cu4-cluster. The NMR data of cluster 2 indicate this 
compound to be analogous to 1 and 3; therefore, this cluster is most probably formulated 
as [Pt(PPh3)(AuPPh3)6(Cu4Br3(PPh3)y)](N03) (y=0 or 1). 
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5.2 Experimental Section 
5.2.1 Measurements 
Elemental С,H and N analyses were earned out at the microanalytical department of the 
University of Nijmegen ICP analyses giving Pt:Au:Cu ratios were carried out on a Plasma 
200 ICP-AE spectrometer in DMSO solutions of the cluster compounds with [Pt(CO)-
(CuCl)(AuPPh3)8](N03)2 (ref 4) and [Pt(CO)(CuCl)2(AuPPh3)7](N03) (ref. 4) used for 
calibration. Fast atom bombardment mass spectroscopy (FAB-MS) was performed by the 
mass spectrometry service laboratory of the University of Minnesota on a VG Analytical 
Ltd. 7070E-HF mass spectrometer. The FAB-MS spectra were taken in a m-nitrobenzyl-
alcohol matrix and Csl was used as the mass-calibration standard; further experimental 
details are published elsewhere.12 
3 1
Ρ{Ή} NMR spectra of CH2C12 solutions were recorded on a Bruker WM-200 
spectrometer operating at 81 015 MHz and on a Bruker AM-500 spectrometer operating 
at 202 462 MHz with trimethylphosphate (TMP) in CD2C12 as external reference. The 
variable-temperature 3 1 Ρ ( Ή } NMR spectra were recorded on the Bruker AM-500 
spectrometer; the samples used in these experiments contained 100 mg cluster compound 
in 1.5 mLof CD2C12. 
Proton decoupled 3 I P COSY magnitude spectra13 of CD2C12 solutions were recorded on 
the afore-mentioned Bruker AM-500 spectrometer at 298K. The spectra were recorded 
with equal horizontal resolution in both directions: [Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)]-
(N03) (1) was recorded with 2.0 Hz per point; [Pt(PPh3)(AuPPh3)6(Cu4I3)](N03) (3) was 
recorded with 3.7 Hz per point. 
l 9 5Pt NMR spectra were recorded at 43.02 MHz on a Bruker WM-200 spectrometer 
using CD2C12 solutions of the compounds; K2PtCl6 in D 2 0 was used as external reference. 
The infrared (IR) spectra were measured in Csl pellets on a Perkin-Elmer 1720-X Fourier 
transform infrared spectrometer in the range from 4000 cm - 1 to 220 cm - 1. 
5.2.2 Preparations 
[PPh3CuCl]4. [PPh3CuBr]4 and [PPh3CuI]4 were prepared according to literature 
methods.14 This is also the case for [Pt(AuPPh3)g](N03)2.15 All solvents were of reagent 
grade and were used without further purification. 
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[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03)[(l)] 
In 10 mL acetone 100 mg (0.025 mmol) of [Pt(AuPPh3)8](N03)2 was dissolved, and 27 
mg (0.019 mmol) of [PPh3CuCl]4 was added to this brown solution. This mixture was 
stirred for one hour after which it was allowed to stand for two days. Sometimes a red 
precipitate could be observed in minor amounts; therefore the brown solution was filtered. 
The brown filtrate was then concentrated to a volume of 2 mL by evaporation under 
reduced pressure upon which the orange-red cluster [Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)]-
(N03) (1) precipitated slowly. After one day this precipitate was filtered off and washed 
with an acetone-diethylether (1:2) mixture and with diethylether (yield: 44 mg, 0.011 
mmol; 60 %, calculated for Cu). Orange-red single-crystals of 1 suitable for X-ray analysis 
were obtained by slow diffusion of 1 mL acetone, in which 8 mg of 1 was dissolved, into 
4 mL diethylether. 
Anal. Caled for PtAu6Cu4P8C144H120NO3Cl3 (mol wt 3897.75): C, 44.37; H, 3.10; N, 
0.36. Found: C, 43.84; H, 3.09; N, 0.36. ICP: Pt:Au:Cu=l:5.9:4.0. IR: in addition to the 
bands due to PPh3 only bands at 1346 cm
- 1
 (uncoordinated N03) and at 311 cm- 1 (CuCl 
stretching vibration) were present. 3 1 P NMR: singlet at 6=37.59 ppm with './(P-195Pt)(dou-
blet)=2476 Hz; three closely spaced doublets at 5=52.26 ppm, 52.31 ppm and 52.37 ppm 
all with 47(P-P)(doublet)=66 Hz and 2J(P-I95Pt)(doublet)=358 Hz; three closely spaced 
doublets at 5=58.74 ppm, 58.80 ppm and 58.88 ppm all with 47(P-P)(doublet)=66 Hz and 
27(P-l95Pt)(doublet)=450 Hz. In cases where the horizontal resolution was not high 
enough, the closely spaced doublets could not be detected separately and two broader 
doublets were observed at 5=52.3 ppm and 5=58.8 ppm with corresponding couplings as 
afore-mentioned; the intensities of both doublets were three times that of the singlet at 
5=37.59 ppm. The variable-temperature 3 1 P NMR spectra (273K-233K) revealed the 
presence of the copper-bonded PPh3 group at 5=-5.0 ppm (singlet) (see Results and 
Discussion). 
195Pt{'H} NMR: δ=—5761 ppm with a complex splitting pattern that can be perfectly 
simulated with 17(Pt-P)(doublet)=2476 Hz, 27(Pt-P)(quartet)=358 Hz and 27(Pt-P)(quartet)= 
450 Hz, in accordance with the 3 1 P NMR data. The appearance of the 1 9 5Pt NMR spec­
trum without proton decoupling was exactly the same, indicating the absence of 7(Pt-H) 
fori. 
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[Р1(РРЬз)(АиРРЬз)6(Си4Вгз(РРЬз)у)](Ш3) [(2)] (у=0 or 1) 
A 100-mg (0.025-mmol) sample of [Pt(AuPPh3)8](N03)2 was dissolved in 10 mL of 
acetone, and 31 mg (0.019 mmol) of [PPh3CuBr]4 was added. This brown mixture was 
stirred for one hour after which it was allowed to stand. After one day the reaction 
mixture had turned red. The solution was then evaporated to dryness and a 3 I P NMR 
spectrum of this sample showed that 2 had been formed (yield: about 50 %, based on the 
relative intensities in the Ρ NMR spectrum of this crude mixture). Several attempts to 
purify this mixture were not successful. 
Compound 2 has not been analyzed by elemental analysis because the product could not 
be obtained as pure material. However, comparison of the Ρ NMR data of compounds 1, 
2 and 3 (see Results and Discussion), together with a comparison of the ways of synthesis 
of these three compounds, indicates 2 to be closely related to compounds 1 and 3. 
Therefore, 2 is most probably formulated as [Рі(РРЬ3)(АиРР1із)6(Си4Вгз(РРгіз)у)]^Оз) 
(y=0 or 1). 3 1 P NMR: singlet at 5=38.4 ppm (relative intensity 1) with 17(P-195Pt)(dou-
blet)=2479 Hz; doublet at 5=51.6 ppm (relative intensity 3) with 47(P-P)(doublet)=68 Hz 
and V(P-I95Pt)(doubIet)=344 Hz; doublet at 5=58.2 ppm (relative intensity 3) with 
4y(P-P)(doublet)=68 Hz and 27(P-195Pt)(doublet)=460 Hz. Shoulders on the doublet peaks 
indicate that these doublets are a result of closely spaced signals as seen for compound 1. 
[Pt(PPh3)(AuPPh3)6(Cu4I3)](N03)[(3)] 
To a solution of 100 mg (0.025 mmol) of [Pt(AuPPh3)8](N03)2 in 10 mL of acetone 
45.4 mg (0.025 mmol) of [PPh3CuI]4 was added. The colour changed from brown to 
orange-red within five minutes and the mixture was stirred for 48 hours. The solution was 
then filtered to remove possible minor solid contaminations. The orange-red filtrate was 
evaporated to dryness under reduced pressure to yield an orange-red solid in quantitative 
amounts. Red crystals, all of the same morphology, were obtained by slow diffusion of a 
dichloromethane solution of this orange-red solid into petroleumether 40/60. One of these 
crystals was used for a single-crystal X-ray analysis, which revealed the molecular 
structure of 3. However, solution Ρ NMR data of bulk material of these crystals (see 
below) showed the presence of a second product in constant ratio to 3. Various attempts to 
separate these two products were not successful: the Ρ NMR spectrum always showed 
the unchanged ratio of 3 to unknown product as approximately 1:5 (see Results and 
Discussion). 
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Compound 3 has not been analyzed by elemental analysis because the product could not 
be obtained as pure material. Its solid-state structure has been determined by means of a 
single-crystal X-ray analysis (see below). FAB-MS also confirmed the presence of 3 in the 
red crystals (see Results and Discussion). 3 1 P NMR: singlet at δ=36.2 ppm (relative 
intensity 1) with 1/(P-195Pt)(doubIet)=2458 Hz; doublet at δ=50.7 ppm (relative intensity 
3) with 47(P-P)(doublet)=66 Hz and V(P-195Pt)(doublet)=368 Hz; doublet at δ=57.0 ppm 
(relative intensity 3) with 47(P-P)(doublet)=66 Hz and V(P-195Pt)(doublet)=445 Hz. 
Shoulders on the doublet peaks indicate that these doublets are a result of closely spaced, 
overlapping signals as seen for compound 1. 
The unknown product which was always seen in the 3 1 P NMR spectra together with 3 
has the following data: singlet at δ=38.4 ppm with '7(P-195Pt)(doublet)=2812 Hz; doublet 
at 5=45.4 ppm with 4J(P-P)(doublet)=65 Hz and 27(P-195Pt)(doublet)=314 Hz; singlet at 
δ=51.8 ppm with 27(P-195Pt)(doublet)=388 Hz; doublet at 5=58.1 ppm with 47(P-P)(dou-
blet)=65 Hz and 2/(P-195Pt)(doublet)=464 Hz. It was shown by 3 1 P COSY NMR spec­
troscopy that all these resonances belonged to the unknown product and that they were not 
coupled to that of 3 (see Results and Discussion). 
5.2.3 Structure Determination of 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03) [(1)] and 
[Pt(PPh3)(AuPPh3)6(Cu4l3)](N03)[(3)] 
Collection and Reduction of Crystallographic Data 
Since single-crystals decomposed very quickly upon removal from the solvent mixture, 
a crystal of 1 was mounted in a capillary together with a mixture of acetone and diethyl-
ether and a crystal of 3 was mounted in a capillary together with a mixture of dichloro-
methane and petroleumether 40/60. X-ray data were measured on a Nonius CAD4 
diffractometer. For 3 14250 reflections (h: 0 to 17; k: 0 to 33; 1: -22 to 22; 1<θ<20°) 
were measured with a maximum scan time of 20 sec/reflection. This set contained only 
2150 observed (Ι>3σ(Ι)) reflections. All the reflections with a standard deviation of 
1.5-4 σ(Ι) were remeasured with a maximum scan time of 180 sec/reflection. This resulted 
in 2306 reflections of which 1290 were Observed'. These two sets for 3 were merged. 
Other standard experimental details for 1 and 3 are given elsewhere. Crystal data for 1 
and 3 are given in Table 5.1. 
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(a) solvent molecules not included 
Q>) R=Z\\Fo\-\Fc\\/L\F0\ 
(c) wR2=[Lw{Fo2-Fc2)2Kw(F02)2]V2 
Solution and Refinement of the Structures 
[Р1(РРп3)(АиРР11з)6(Си4С1зРРпз)КгЧОз) [(1)]. The positions of the metal atoms and 
ca. 80 % of the phenyl carbon atoms were found from an automatic orientation and 
translation search (ORIENT,17 TRACOR18) with a Au6Cu4 fragment of 3 as a search 
model, followed by a phase refinement procedure to expand the fragment (DIRDIF ). The 
other phenyl rings and one N03~ were positioned from difference Fourier maps. The 
hydrogen atoms on the phenyl rings were placed at calculated positions (C-H=0.93 À). Of 
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the unknown amount of solvent molecules none could be detected. An additional empirical 
absorption correction based on F0-|FC| was applied using DIFABS20 on the original 
unmerged F0 values. 
The structure was refined by full-matrix least-squares on F0 values using SHELXL 
with anisotropic parameters for the metal, phosphorus and chlorine atoms and isotropic 
parameters for the carbon atoms. The N03~ ion and the phenyl rings were refined with 
constrained idealized geometry. The refinement converged at Ä=0.068. The function 
minimized was Zw(F02-Fc2)2 with ^l/tfiF^+iO.OSlF,.2)2]. A maximum residual 
density of 1.4 e/Â was found near metal atoms. 
The volume between the cluster molecules is 2280 Â3 (28 vol %) (PLATON22); this 
volume is filled with unidentified solvent molecules. 
Positional and thermal parameters of selected atoms are given elsewhere, and selected 
bond distances and bond angles are given in Table 5.2. The molecular structure of 1 is 
given in Figure 5.1. 
[Pt(PPh3)(AuPPh3)6(Cu4l3)](N03) [(3)]. The positions of the metal atoms were found 
from automatic Patterson interpretation (PATTY24) followed by a phase refinement 
procedure to expand the fragment (DIRDIF ). The phenyl rings were positioned from 
successive difference Fourier maps. At this stage the N03~ ion has not been located, and 
of the unknown amount of solvent molecules none could be detected. 
The phenyl rings were refined with constrained idealized geometry, with the hydrogen 
atoms placed at calculated positions (C-H=0.93 Â). An additional empirical absorption 
correction based on F0-|FC| was applied using DIFABS on the original unmerged F0 
values. The structure was refined by full-matrix least-squares on F02 values using 
SHELXL21 with anisotropic parameters for the metal, phosphorus and iodine atoms and 
isotropic parameters for the carbon atoms. The refinement converged at R=Q. 117. The 
function minimized was Zw(F02-Fc2)2 with w=l/[o2(Fo2)+(0.114-Fc2)2]. A maximum 
residual density of 2.2 e/Â was found near metal atoms. 
The volume between the cluster molecules is 4065 Â3 (28 vol %) (PLATON22); this 
volume is filled with unidentified solvent molecules and with four N03~ ions per cell. 
Positional and thermal parameters of selected atoms are given elsewhere,11 and selected 
bond distances and bond angles are given in Table 5.3. The molecular structure of 3 is 
given in Figure 5.7. 
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5.3 Results and Discussion 
5.3.1 Synthesis, Characterization and Crystal Structure of 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03)[(l)] 
The eleven metal-atom cluster compound [Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03) (1) is 
obtained from the reaction of [Pt(AuPPh3)8](N03)2 with [PPh3CuCl]4 in acetone in 60 % 
yield This orange-red compound was characterized by means of elemental analysis, ICP 
analysis, FAB-MS, IR, 3 1 P NMR (including vanable-temperature 3 1 P NMR and 3 1 P COSY 
experiments) and ] 9 5 Pt NMR spectroscopy The solid-state structure of 1 was obtained 
from a single-crystal X-ray analysis. 
Crystal Structure 
The X-ray structure analysis of the solid, together with the Ρ NMR data (vide infra), 
shows that 1 has л central platinum atom that is connected to a PPh3 hgand, six AuPPh3 
units and а Cu4Cl3PPh3 unit (Figure 5 1) The six AuPPh3 units are divided over two 
layers which are arranged in a staggered way The CU4CI3PPI13 unit consists of a distorted 
Cu4 tetrahedron which is η (face-)bonded to the platinum atom, short copper-gold, 
copper-platinum and copper-copper distances show that this unit is part of the cluster core. 
Cu(l) is bonded to a phosphine Three u^-Cl ligands are bridging the copper atoms. The 
three Pt-Cu-Cl angles are nearly linear, this emphasizes the dominant role of the radial 
bonding Cu(l) can then be thought of as being situated in a 'cuprophihc' pocket formed 
by three Cu-Cl units 1 can also be seen as a PtAu6 cluster-unit which is fused to a 
tetrahedral Cu4 cluster-unit, fusion of smaller subunits is a helpful view to understanding 
cluster topology 2 5 2 б Tetrahedral units are commonly observed budding blocks for 
copper(-containing) clusters 2 7 " 3 7 The Cu-Cu distances between Cu(2), Cu(3) and Cu(4) 
(2 562 Â to 2 577 Â) are short, compared to Cu-Cu distances known from literature, 
they are substantially shorter than the Cu-Cu distances to the phosphine bonded Cu(l) 
(3 236 Â to 3 352 Â) These latter distances are comparable to Cu-Cu distances in e g 
[PPh3CuCl]4 28 The Cu-Cu distances, together with the Cu-Cl distances (Table 5 2) are 
such that Cu(l) can be viewed as pulled away from the Cu(2)-Cu(3)-Cu(4) triangle, this 
may be due to the coordination of the phosphine hgand to Cu(l) Support for this can be 
obtained from the related solid-state structure of 3 (vide infra) 
The Pt-Cu distances and the Au-Cu distances to the copper atoms Cu(2), Cu(3) and 
Cu(4), together with the Pt-Au distances and the Au-Au distances are all in the range 
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Figure 5.1: X-ray structure of [Pt(PPh3)(AuPPh3)^Cu4Cl3PPh3)](N03) (1) with atom 
labeling for Pt, Au, Cu, Ρ and Cl. Phenyl rings and the N03~ ion have been omitted for 
clarity. Thermal ellipsoids are at 50 % probability. 
normally observed;2·4·5,> the Pt-Cu and Au-Cu bond lengths are smaller than the 
Pt-Au and Au-Au bond lengths respectively (Table 5.2). 
The AuPPh3 groups, the platinum-bonded phosphine and the Cu4-unit surround the 
(central) platinum atom in a (quasi-)spheroidal symmetry, as indicated by the topological 
parameters S and P, 4 3 which arc 0.97 and 0.99 respectively. This spheroidal surrounding 
of the platinum atom is in accordance with the (Sa)2(Pa) electron configuration (18 
electrons) of 1 (the neutral fictitious Cu4Cl3PPh3 entity is taken to donate one electron). 
The presence of Cu-Cl bonds as derived from the X-ray structure analysis has also 
been evidenced by IR spectroscopy: the Cu-Cl stretching vibration of 1 is observed at 
311 cm - 1. The solid-state structure as reported is in full agreement with the physical bulk 
data including elemental C,H, and N analysis and ICP analysis (see Experimental Section). 
3 1 P NMR Spectroscopy 
The 3 1 P NMR spectrum of 1 at room temperature (Figure 5.2A) shows several distinct 
resonances that can be assigned to the different phosphine sites as observed in the crystal 
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structure of this cluster. Therefore, this NMR spectrum indicates that 1 shows no 
intramolecular fluxionality at room temperature; this in contrast to many of the known 
mixed metal-gold cluster compounds whose 3 1 P NMR spectra show fluxional behaviour 
at room temperature, which for some clusters can be frozen by lowering the tempera-
ture.6·44 
For 1 a singlet at 6=37.59 ppm is observed with 'j(P-195Pt)=2476 Hz; this singlet 
belongs to the platinum-bonded phosphine ligand (P(l)) as evidenced by the value of the 
7(P-195Pt). The coupling of this site to the gold-bonded phosphines is too small to be 
observed from this one-dimensional Ρ NMR spectrum; this is due to the rather acute 
angle between the Pt-P vector and the six Au-P vectors. Therefore it can be concluded that 
the spin-spin coupling for these sites is mediated through the (central) platinum atom; this 
is in agreement with the dominant role of the radial bonding in this kind of clusters. 
However, small spin-spin couplings between the platinum-bonded phosphine and the gold-
bonded phosphines, although not detectable from the one-dimensional 3 1 P NMR spectrum, 
are observed from the 3 I P COSY spectrum of 1 (Figure 5.2B; crosspeaks between sites A 
and C, and between sites В and C). 
The six gold-bonded phosphines are all individually observed. Three sites are observed 
as three closely separated doublets near 5=52.3 ppm with 47(P-P)=66 Hz and 2/(P-195Pt)= 
358 Hz (sites В in Figure 5.2A); three other closely separated doublets are found near 
6=58.8 ppm with 47(P-P)=66 Hz and 27(P-,95Pt)=450 Hz (sites A in Figure 5.2A). The 
total intensity of sites A equals that of sites В and is three times that of site С Sites A 
and В correspond to the two AuPPh3-triangles (Au(2)-Au(3)-Au(4) and Au(5)-Au(6)-
Au(7), respectively) each consisting of three phosphines which are only slightly different. 
The doublet nature of these sites is due to a 4/(P-P) coupling of one phosphine-site of the 
former AuPPh3-triangle to one phosphine-site of the latter AuPPl^-triangle and vice versa. 
This is consistent with a trans-4J(P-P) coupling between P(2) and P(7), between P(3) and 
P(5), and between P(4) and P(6). The magnitude of this /-coupling is in agreement with 
earlier reported values of trans-*J(P-P) couplings.44 This coupling mechanism is con­
firmed by the intense crosspeaks between sites A and sites В in the Ρ COSY spectrum 
of 1 (Figure 5.2B). 
From the doublet nature of sites A and В it can again be concluded that the bonding in 
this cluster is primarily radial; in case of strong peripheral interactions a triplet pattern for 
sites A and В would have been observed due to coupling of A with two (nearly) equiva­
lent phosphorus atoms from В and vice versa. The pattern of closely separated peaks for 
sites A and sites В is most likely not caused by such additional, small peripheral inter­
actions because the intensity-ratio of these closely separated signals does not correspond to 
that of a triplet; furthermore these peak-positions were observed at constant chemical shins 
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Figure 5.2B: 31P COSY NMR spectrum (202.462 MHz) at 298 К of 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03)(l). 
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using different field-strengths, rather than that a constant peak-separation on the frequency 
scale was observed. Therefore the most appropriate explanation for the closely separated 
signals of sites A and sites В is a slight inequivalence of the phosphorus atoms which is 
not averaged because of lack of fluxionality in the PtAu6 unit at room temperature. Such a 
slight inequivalence is also observed in the solid-state crystal structure. 
At room temperature a broad resonance can be observed near δ=-7.0 ppm, in addition 
to the afore-mentioned resonances. On lowering the temperature in the interval 273K-233K 
this signal sharpens to result in two separate singlets at δ=-5.0 ppm and at δ=-7.8 ppm at 
233K (Figure 5.3); this behaviour is reversible. The relative total intensity of these two 
singlets equals that of the signal at 6=37.59 ppm, i.e. these former two singlets together 
correspond to a total of one phosphine. This variable-temperature behaviour is explained 
by a reversible dissociation-addition mechanism of the copper-bonded phosphine (P(8)): 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)]+ -
(1) 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3)]+ + PPh3 (8) 
(la) 
The singlet near δ=-5.0 ppm originates from the copper-bonded phosphine (P(8)), whereas 
the singlet near δ=-7.8 ppm originates from the free PPh3; this was indicated by addition 
of PPhj. The shift where P(8) is observed in the vari able-temperature Ρ NMR spectra is 
in the normal range as compared to other known copper-phosphines. ' The cluster on 
the left-hand side of reaction (8) corresponds to the geometry as reported for the solid-
state structure of 1. The cluster on the right-hand side, la, corresponds to the related 
compound after phosphine dissociation; the geometry of la is probably similar to that 
known for 3, where the solid-state structure is that without a copper-bonded phosphine 
(vide infra). It is noteworthy that the resonances of the platinum-bonded and gold-bonded 
phosphines, as reported above, remain unchanged in this temperature interval. This means 
that, except for the position and coordination of Cu(l), the cluster geometry of la is 
almost identical to that of 1. This corresponds to the afore-mentioned non-fluxionality: the 
cluster core is too crowded so (i) no intramolecular phosphine fluxionality is allowed and 
(ii) only minor reorganizations of the geometry after phosphine-dissociation can occur 
(except for the Cu(l) atom, which might be repositioned closer to the other Cu atoms, 
resulting in a geometry analogous to what is observed in the solid-state structure of 3; vide 
infra). Apparently, these minor reorganizations cause only very small frequency differen­
ces between the (gold- and platinum-) phosphines of 1 and those of la so that the fast-
exchange situation is observed for these resonances in the entire temperature interval. 
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Figure 5.3: Variable-temperature (273K-233K) 3,P NMR spectra (202.462 MHz) of the 
Cu-PPh^PPhj region of [Pt(PPh3)(AuPPh3)^Cu4Cl3PPh3)](N03) (1). 
112 
Simulation4 of the Cu-PPh3/PPh3 region of the variable-temperature
 3 1 P NMR spectra 
with respect to lineshape roughly showed the forward reaction constant, kdlss, for reaction 
(8) to range from ca. 400 Hz (at 273K) to less then 20 Hz (at 233K). Integration of these 
spectra provided us with the absolute concentrations of 1 and free PPh3 and therefore also 
of la. From this the equilibrium constants, K, for reaction (8) at different temperatures 
could be estimated (see Table 5.4): 
K=[la][PPh3]/[l] (mol-L-1) 
The temperature dependence of this equilibrium constant (Figure 5.4) provides informa­
tion on the enthalpy- and entropy-change for the phosphine-dissociation of reaction (8): 
AHdlss=+27 U-mol
-1
 and ASdlss=+88 J-mol
_1
-K-1 are estimated from the slope and the 
intercept of the InK v$ 1/T plot (Figure 5.4) as -AHdiss/R and ASdlss/R respectively (where 
R=8.314 J-тоГ 'К - 1 , the gas constant). These values are in reasonable agreement with 
those that might be expected for a dissociation like reaction (8); therefore they provide 
additional support for the correctness of the proposed dissociation-addition mechanism. 

















(a) The equilibrium constant K=[la][PPh3]/[l]; concentrations were calculated by means 
of the integrals of the 3 1 P NMR resonances of the copper-bonded phosphine of 1 and of 
free PPh3; the concentration of la equals that of free PPh3. 
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Figure 5.4: Plot showing the temperature dependence of the equilibrium constant К of 
the reaction l"la+PPh3 (see Results and Discussion) (slope: -ΔΗώί/ϋ=-3.3Ι0+3Κ; 
intercept: &Sdts/R=]0.6). 
195Pt NMR Spectroscopy 
The 195Pt{'H} NMR spectrum of 1 is observed at δ=—5761 ppm. This chemical shift is 
in agreement with the (Sa)2(P°)6 electron configuration of 1; all (8σ)2(Ρσ)6 PtAuM 
cluster compounds known until now are observed upfield of -5400 ppm, whereas those 
having an (Sa)2(P°)4 electron configuration are located downfield of -4500 ppm (ref. 2, 
5, 7, 8, 47-49). This spectrum has a complex splitting pattern (Figure 5.5A), due to J-
couplings to the platinum-bonded and gold-bonded phosphines, that can be simulated 
with '/(Pt-P)(doublet)=2476 Hz, 27(Pt-P)(quartet)=358 Hz and 27(Pt-P)(quartet)=450 Hz. 
Therefore the 1 9 5Pt NMR coupling pattern is in agreement with the Ρ NMR data and 
with the geometry of 1 as discussed above. 
The 1 9 5Pt NMR spectrum without proton decoupling is unchanged with respect to the 
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Figure 5.5: l95Pt{'H) NMR spectrum (43.02 MHz) of the cluster compound 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03) (1); (A, top) experimental spectrum and 
(B, bottom) simulated spectrum (see Results and Discussion) (W¡/2 for Pt set to 
150 Hz). 
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Pt{ H} NMR spectrum. This shows that there is no hydride ligand present on 1 (the 
hydrogen atoms of the PPh3 ligands are too remotely located from the platinum atom to 
show any detectable 7-coupling). 
Fast Atom Bombardment Mass Spectroscopy (FAB-MS) 
FAB-MS has been shown to be a successful technique for the determination of the 
correct molecular composition of cationic cluster compounds. ' The positive ion FAB-
MS of 1 in the 2600-4000 mass range (Figure 5.6) has a large number of peaks; a 
selection of the centroids of heavy fragments as well as their assignments is given in 
Table 5.5. The result is in good agreement with the composition and the structure of 1 as 
discussed above. No peaks with masses higher than that of M+ are observed. The relative 
abundance of the peak corresponding to the mass of M+ is very low, whereas that of (M-
PPh3)+ is more explicit. This might be related to the rather labile coordination of the 
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Figure 5.6: Low resolution positive ion FAB-MS spectrum of the cluster 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03) (1) in the m/e 2600-4000 mass range. 
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5.3.2 Synthesis and Characterization of 
[Рі(РРЬ3)(АиРРЬз)6(Си4Вг3(РРІіз)у)](]ЧОз) [(2)] (y=0 or 1) 
The reaction of [Pt(AuPPh3)8](N03)2 with [PPh3CuBr]4 in acetone yields a mixture of 
compounds in which 2 is present in about 50 %; several attempts to isolate 2 from this 
mixture were not successful. However, comparison of the Ρ NMR data of compounds 1, 
2 and 3 (vide infra), together with a comparison of the routes of synthesis of these three 
compounds indicates 2 to be closely related to 1 and 3. Therefore 2 is most probably 
formulated as [Pt(PPh3)(AuPPh3)6(Cu4Br3(PPh3)y)](N03) (in which y= 0 or 1). As the 
crystal structure of 1 shows the presence of a copper-bonded phosphine, which can 
dissociate reversibly in solution, and 3 shows the absence of such a copper-bonded 
phosphine (probably due to steric arguments, vide infra) it is not clear whether 2 has such 
a copper-bonded phosphine or not. 
Like for 1 the 3 I P NMR of 2 at room temperature shows distinct resonances for dif­
ferent phosphorus sites and therefore 2 also exhibits no intramolecular fluxionality. The 
platinum-bonded phosphine is observed as a singlet at 5=38.4 ppm (relative intensity=l) 
with 'y(P-I95Pt)=2479 Hz. The gold-phosphines are observed as two doublets:(i) one 
doublet is observed at 8=51.6 ppm (relative intensity=3) with ДР-Р)=68 Hz and 
27(P-195Pt)=344 Hz, the other doublet is located at 8=58.2 ppm (relative intensity=3) with 
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(Р-Р)=68 Hz and v(P- Pt)=460 Hz. The coupling pattern and its interpretation are 
identical to those for 1. Shoulders on the doublet peaks indicate that these doublets are a 
result of closely separated signals as discussed for 1. Due to the impurities, among which 
Au(PPh3)2+, it was neither possible to establish the presence (like in 1) nor the absence 
(like in 3) of a copper-bonded phosphine. 
5.3.3 Synthesis, Characterization and Crystal Structure of 
[Pt(PPh3)(AuPPh3)6(Cu4l3)](N03)[(3)] 
When [Pt(AuPPh3)g](N03)2 is made to react with [PPh3CuI]4 in acetone, 3 is obtained 
together with an unknown product in a constant ratio of approximately 1:5. A single-
crystal of 3 could be isolated from this mixture and an X-ray analysis of this crystal 
revealed the solid-state structure of 3. Cluster 3 was also characterized by 3 1 P NMR 
spectroscopy and its presence in the mixture was also confirmed by FAB-MS. As the two 
compounds could not be separated from the mixture in quantitative amounts, compound 3 
has not been analyzed by elemental analysis. 
Crystal Structure 
The X-ray structure analysis, together with the Ρ NMR data (vide infra), shows that 
the solid-state structure of 3 (Figure 5.7) is very similar to that of 1 (Figure 5.1), except 
for the copper-bonded phosphine which is missing in 3. The six AuPPh3 units are bonded 
to the (central) platinum atom in two layers which are arranged in a staggered way; a 
PPh3 ligand is coordinated to this platinum atom. The Cu4I3 unit consists of an almost 
ideal regular Cu4-tetrahedron (Cu-Cu distances: 2.69Â-2.72Â), in which three μ2-1 ligands 
are bridging the copper atoms; this Cu4-tetrahedron is η (face-)bonded to the platinum 
atom through Cu(2), Cu(3) and Cu(4). However, short copper-gold and copper-platinum 
distances indicate that these copper atoms are part of the metal core. These three copper 
atoms, together with the six Au-P units, the Pt-P unit and the three ^-halides are arranged 
in a way that only slightly deviates from that in 1 (also see Tables 5.2 and 5.3). The only 
substantial difference between the solid-state structures of 1 (Figure 5.1) and 3 (Figure 
5.7), apart from the absence of PPh3 bonded to Cu(l) in 3, is that in 3 Cu(l) is situated 
more towards the Cu(2)-Cu(3)-Cu(4) triangle. We think that the large iodide ligands in 3 
prevent coordination of a PPh3 ligand to Cu(l); even the smaller chloride ligands in 1 
allow such phosphine coordination only when Cu(l) moves out of its 'cuprophilic' pocket 
(see above). In this vision the solid-state structure of 3 can be regarded as representative 
of the structure of la; i.e. after phosphine dissociation from 1, Cu(l) moves towards the 
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Figure 5.7: X-ray structure of [Pt(PPh3)(AuPPh3)^Cu^3)](N03) (3) with atom labeling 
for Pt, Au, Cu, Ρ and Cl. Phenyl rings and the NOf ion have been omitted for the sake 
of clarity. Thermal ellipsoids are at 50 % probability. 
Cu(2)-Cu(3)-Cu(4) triangle to result in la. 
The large increase of the Cu-Cu(l) distances in going from the solid-state structures of 
3 to 1 (Tables 5.3 and 5.2) implies that the Cu-Cu interactions are not substantial and that 
it is most likely that the bridging halides are vital in keeping the Cu4-unit together. 
The central platinum atom of 3, like that of 1, is surrounded in a (quasi-)spheroidal 
symmetry by the AuPPh3 units, the platinum-bonded phosphine and the Cu4-unit. This 
classification is justified by the topological parameters S and P, which amount to 0.97 
and 0.99 respectively. This spheroidal surrounding is in agreement with the (Sa) (P°) 
electron configuration (18 electrons) of 3. The absence of the copper-bonded phosphine, 
as compared to 1, does not alter the electron configuration since the electrons of this 
phosphine are used in the Cu-P bond of 1 and therefore are not included in cluster-core 
bonding. 
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3 1P NMR Spectroscopy 
As for 1 and 2 the 3 1 P NMR spectrum of 3 at room temperature is also indicative of a 
non-fluxional cluster compound The platinum-bonded phosphine resonates at 5=36 2 ppm 
(relative intensity=l) with ',/(P-,95Pt)=2458 Hz The gold-phosphines are observed as two 
doublets, shoulders on these doublet peaks again indicate that these doublets are a result of 
closely separated signals One doublet is observed at 5=50 7 ppm (relative intensity=3) 
with 4У(Р-Р)=66 Hz and 2J(P- , 9 5Pt)=368 Hz. the other doublet is located at 5=57 0 ppm 
(relative intensity=3) with 4У(Р-Р)=66 Hz and 27(P-195Pt)=445 Hz The coupling pattern 
and its interpretation are identical to those explained for 1 and 2 This was evidenced by 
the 3 1 P COSY spectrum of 3 (Figure 5 8, peaks labeled with '3'), which shows a coupling 
pattern identical to that of 1 (Figure 5 2B) From this 3 1 P COSY spectrum it could be 
inferred that only one other (phosphorus-containing) compound was present This unknown 
product (peaks labeled with 'X' in Figure 5 8) always has the same ratio to 3 Various 
attempts to separate 3 and X were unsuccessful The integrated peak-intensities in the 
3 1
Ρ NMR spectrum of 3 and X always have a ratio of ca 15 Some peaks of 3 and X are 
(partially) overlapping in the 3 I P NMR spectrum, but proper changing of spectrometer 
frequency, together with crosspeak-analysis from the Ρ COSY spectrum provides clear 
insight m the coupling patterns of 3 and X (Figure 5 8) The coupling pattern of the 
unknown product X is largely similar to that of 1, 2 and 3 but it has an additional intense 
singlet at 5=51 8 ppm with 27(P- ,95Pt)=388 Hz that couples with the two doublets of X 
(for full 3 I P NMR data of the unknown product see Experimental Section) This intense 
singlet proves that this signal does not belong to 3 as it can not be accounted for on the 
basis of the crystal structure of 3 
Vanable-temperature 3 1 P NMR experiments (295K-213K) did not reveal the presence of 
a copper-bonded phosphine like observed for 1 This is in agreement with the absence of 
such a phosphine in the solid-state structure of 3 As no other compounds next to 3 and X 
were present in the 3 1 P NMR spectra of the product, information from these vanable-
temperature 3 1 P NMR experiments is relevant, in contrast to that for compound 2 
Comparison of the 3 1 P NMR data of 1, 2 and 3 (Table 5 6) indicates that these three 
cluster compounds are indeed very similar As already mentioned for 1 (and la) we again 
infer that the presence of a copper-bonded phosphine in 1, and eventually in 2, is of minor 
importance to the 3 1 P NMR chemical shifts of the gold-bonded and platinum-bonded 
phosplunes These NMR data clearly show a dependence on the halide used A halide with 
a higher electronegativity might be expected to lower (indirectly) the electron density of 
the phosphorus atoms, thereby giving less shielding of these phosphorus atoms resulting in 
an increased chemical shift of these phosphorus atoms Such a slight increase for 5(Au-
P)A, 5(Au-P)B and 5(Pt-P) is indeed observed in going from 3 to 2 to 1 (the only excep-
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tion is the pair 5(Pt-P)(l)-6(Pt-P)(2)). Similar trends with electronegativity are known 
from literature,50 however opposite trends are also known.50"52 Therefore it is again 
stated51 that it is very difficult to predict 3 1 P NMR chemical shifts for such complex 
clusters because the factors affecting these shifts are not clear. 
·» 
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Figure 5.8: 31Р COSY NMR spectrum (202.462 MHz) at 298 К of the mixture containing 
[Pt(PPh3)(AuPPh3)¿(Cu4I3)](N03) (3) and the unknown product X (main peaks on the 
diagonal are labeled for compounds 3 and X; other peaks on the diagonal are Pt-
satellites of these main peaks). For coupling patterns compare to Figure 5.2B and see text. 
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Figure 5.9: Low resolution positive ion FAB-MS spectrum of the reaction mixture of 
(Pt(AuPPh3)8](NO3)2 and [PPh}CuI]4, containing 3 and X. The numbered peaks are in 
agreement with the composition and structure of 3 (see Results and Discussion). 
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Fast Atom Bombardment Mass Spectroscopy (FAB-MS) 
Although the reaction between [Pt(AuPPh3)8](N03)2 and [PPh3CuI]4 in acetone yielded 
a mixture of 3 and an unknown product X, the FAB-MS (Figure 5.9) validates the presen-
ce of 3 in this mixture. A selection of the centroids of the heavy fragments (those being in 
agreement with the composition and structure of 3 as discussed above) as well as then-
assignments is given in Table 5.7. This FAB-MS shows several peaks where the N03 unit 
is still present in the molecular fragment, this in contrast to what is observed from the 
FAB-MS of 1. A tempting explanation for this difference is that in 3 the nitrate is some-
what more attracted to the cluster due to Cu(l), as compared to the situation in solid 1 
where Cu(l) is shielded by coordination of a PPh3. 
Peaks with masses higher than M+ are observed, but due to the presence of the 
unknown product X in the sample nothing can be said about these peaks. 
Table 5.7: Positive ion FAB-MS data corresponding to 3 
(M+=[Pt(PPh3)(AuPPh3)¿(Cu4I3)]+) 









































(a) Not matched. 
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In this chapter it was shown that cluster compounds with relatively high copper contents 
were obtained from the reaction of [Pt(AuPPh3)8](N03)2 with [PPh3CuX]4 (where X=C1, 
Br and I). The cluster compound [Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03) (1) was fully 
characterized. In solution the copper-bonded phosphine ligand was shown to dissociate 
reversibly. The geometry of [Pt(PPh3)(AuPPh3)6(Cu4I3)](N03) (3) is very similar to that 
of 1 except for the absence of a copper-bonded PPh3 ligand. Whereas the Cu4-tetrahedron 
in 1 is rather distorted due to phosphine coordination to one of its copper atoms, the 
Cu4-unit of 3 approaches a regular tetrahedron with short copper-copper distances. It is 
assumed that phosphine coordination to one of the copper atoms of compound 3 is 
prevented by the large iodide ligands. Due to the presence of impurities in the samples of 
[Pt(PPh3)(AuPPh3)6(Cu4Br3(PPh3)y)](N03) (2) (y=0 or 1) it is yet unknown whether 2 has 
such a copper-bonded phosphine or not. 
The solid-state structures of 1 and 3 showed that the metal cores of these new clusters 
can be regarded as PtAu6-clusters which have been fused to Cu4-clusters. Short copper-
gold and copper-platinum distances show that (three) copper atoms are part of the cluster 
core; the bridging halides are most likely vital to keeping the Cu4-unit together. 
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Chapter 6 
A New 25-Metal-Atom Supracluster: 
Synthesis, Characterization and Crystal 
Structure of the Ternary Cluster Compound 
[Pt2(AuPPh3)10Ag13Cl7] 
6.1 Introduction 
Recently there has been substantial interest in high-nuclearity metal cluster compounds. 
The metal atoms in such clusters are often arranged in close-packed geometries resembling 
fragments of metallic lattices. Because the compositions and geometries of these clusters 
are often well-defined, they are of particular interest to small metal-particle physics and 
chemistry including catalysis. 
A large number of mixed metal-gold clusters is known in which one to twelve gold 
atoms are attached to a central metal atom.2"5 Icosahedral-based geometries are often 
found for these types of cluster compounds. Whereas the variety of the central atom is 
extensive, only a limited number of other metals could be introduced into the periphery 
next to the gold atoms; e.g. mercury,6 tin,7 copper, and silver ' have been successfully 
incorporated into these mixed metal-gold cluster compounds. 
Efforts to introduce silver into the well-characterized mixed platinum-gold cluster 
[Pt(H)(PPh3)(AuPPh3)7]2+ (ref. 11) provided us with the new neutral cluster compound 
[Pt2(AuPPh3)10Ag13Cl7]. This ternary Pt-Au-Ag cluster, with a relatively high silver to 
metal ratio, is a new member to the family of binary Au-Ag supraclusters formed by the 
reduction of mixtures of Au(I)- and Ag(I)-species in the presence of phosphines and 
This chapter has been published as: Kappen, T.G.M.M.; Schlebos, P.P.J.; Bour, J.J.; 
Bosman, W.P.; Smits, J.M.M.; Beurskens, P.T.; Steggerda, J.J. Inorg.Chem., 1994, 33, 
754. 
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described by Teo et al. However, this new Pt-Au-Ag-supracluster has not been 
synthesized from such mononuclear building blocks, but from the above-mentioned 
multinuclear PtAu7-cluster. Therefore, this route of synthesis can be seen as further 
support of the 'cluster of clusters' concept15 concerning this kind of supraclusters. 
Samples of about 25 mg could be prepared, so the compound could be characterized by 
elemental analysis and spectroscopic measurements. 
In this chapter we report the synthesis of [Pt2(AuPPh3)I0Ag13Cl7] and its characteri­
zation by elemental analysis and FAB-MS, together with the spectroscopic data and crystal 
structure of this new ternary supracluster. 
6.2 Experimental Section 
6.2.1 Measurements 
Elemental analyses were carried out at the micro-analytical department of the University 
of Nijmegen. Fast atom bombardment mass spectroscopy (FAB-MS) was executed on a 
V.G. Analytical Ltd. 7070E-HF mass spectrometer of the mass spectrometry service 
laboratory of the University of Minnesota. Csl was used as the mass-calibration standard 
for the FAB-MS spectra, which were taken in a m-nitrobenzylalcohol matrix. Further 
details of the experimental procedure can be found elsewhere. 
P{ H} NMR spectra of toluene solutions of the sample were recorded on a Bruker 
WM-200 spectrometer operating at 81.015 MHz and on a Bruker CXP-300 spectrometer 
operating at 121.442 MHz with trimethylphosphate (TMP) in toluene-d8 as an external 
reference. The variable-temperature 3 1 Ρ(Ή} NMR spectra of toluene-d8 solutions of the 
sample were recorded on a Bruker AM-500 spectrometer operating at 202.462 MHz with 
TMP as external reference. 
The infrared (IR) spectra were measured in Csl pellets on a Perkin-Elmer 1720-X 
Fourier transform infrared spectrometer in the range from 4000 cm to 220 cm" . Cyclic 
voltammetric measurements, performed with a conventional three-electrode configuration, 
were carried out with a Princeton Applied Research 273 potentiostat under dinitrogen-
atmosphere. The measurements were done in toluene-acetonitrile (1:1 v:v) with platinum 
working and auxiliary electrodes; the reference was a Ag/Ag+ (0.10 M AgN03) electrode 
in toluene-acetonitrile (1:1 v:v). Tetra-n-butylammoniumhexafluorophosphate (0.1M) was 
used as background electrolyte. The concentration of the electrochemical active species 
was 2 1 0 ^ M . 
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6.2.2 Preparations 
[Pt(H)(PPh3)(AuPPh3)7](N03)2 (ref. 11) and Ag(PPh3)(N03) (ref. 17) were prepared 
according to literature methods. All solvents were of reagent grade and were used without 
further purification. 
[Pt2(AuPPh3)10Ag13Cl7] 
A 200-mg (0.0527-mmol) sample of [Pt(H)(PPh3)(AuPPh3)7](N03)2 was dissolved in 
8 mL of methanol, and 91 mg (0.211 mmol) Ag(PPh3)(N03) was added. This mixture was 
stirred for 24 hours under exclusion of light, while the colour changed from red to brown. 
The mixture was filtered over diatomaceous earth to remove metallic contaminations. To 
the filtrate 10 mL of a saturated NaCl-solution in methanol was added, upon which a 
brown precipitate was formed. This precipitate was filtered off and washed with 30 mL of 
methanol and 50 mL of hexane. The brown residue was then dissolved in 3 mL of 
toluene. After addition of 25 mL of dimethylsulfoxide the mixture was allowed to stand 
for 2-4 days. In this period a dark red precipitate was formed. The mixture was filtered 
and the residue washed with 50 mL of methanol and 10 mL of diethylether. To remove 
minor amounts of metallic contaminations the dark red solid was dissolved in toluene and 
filtered over a 5-cm layer of diatomaceous earth. The red filtrate was evaporated to 
dryness under reduced pressure. The dark red residue was then redissolved in toluene; 
after slow diffusion of this toluene solution into diethylether, plenty of dark red 
diethylether containing crystals of [Pt2(AuPPh3)10Ag13Cl7] were obtained, all of the same 
colour and morphology (yield: 26 mg, 0.0039 mmol; 24 % calculated for Ag). The 
compound is stable under normal ambient conditions, however the crystals lose the 
diethylether molecules upon exposure to air. 
Anal. Caled for Pt2Au10Ag13P,0C180H150Cl7 (mol wt 6633.19): C, 32.59; H, 2.28. 
Found: C, 32.63; H, 2.35. The infrared spectrum shows Ag-Cl stretching vibrations at 
246 cm-1 and several absorption bands characteristic for the PPh3 ligands. 31P NMR 
(Figure 6.2A): doublet (splitting 50 Hz) at 5=59.6 ppm with 2/(P-195Pt)(doublet) ca. 
520 Hz; the doublet splitting of 50 Hz and the width of the signals probably is the result 
of several P-Ag couplings (see Results and Discussion). 
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6.2.3 Structure Determination of [P^CAuPPl^joAg^Cly] 
Collection and Reduction of Crystallographic Data 
Since single-crystals decomposed very quickly upon removal from the solvent mixture, 
a crystal of the compound was mounted in a capillary together with a mixture of toluene 
and diethylether. X-ray data were measured on a Nonius CAD4 diffractometer. Standard 
experimental details are given elsewhere.18 The crystal data are listed in Table 6.1. No 
extinction correction was performed. 
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Solution and Refinement of the Structure 
The positions of the metal atoms were found by an orientation (ORIENT19) and a 
translation search (TRACOR19) with a Au7Ag6 fragment from [(p-To^P^QAu^Ag^Brg]-
(PF6)20 followed by a phase extension procedure (DIRDIF19). The structure was refined 
by full-matrix least-squares using SHELX. The phenyl carbon atoms were obtained by 
rotation of an ideal phenyl group (C-C=1.40 À) to match maximum electron density in the 
difference Founer synthesis. Their hydrogen atoms were placed at ideal positions 
(C-H=l 00 Λ) Each phenyl group was mcluded in the refinement with constrained 
isotropic temperature factors. So far, the structural parameters describe a structure with 
large channels. A difference Founer showed, among many spurious peaks, the presence of 
some disordered partially occupied diethylether molecules, while no trace of toluene-
shaped fragments could be observed. Therefore we conclude that the channels are filled 
with disordered diethylether molecules (in liquid-like arrangements). The positional 
parameters and occupation factors of four diethylether molecules were refined with a 
constrained ideal geometry. The total occupation factor leads to slightly more than one 
solvent molecule per cluster, but from the spurious peaks and from an estimation of the 
volume of the channels it is expected that there is a total of approximately ten diethylether 
molecules per cluster molecule. These spurious peaks were ignored during the refinement. 
During the final stage of the refinement, the anisotropic parameters of the gold, platinum, 
silver, phosphorus, and chlorine atoms were refined. Final convergence was reached at 
Λ=0.089; the function minimized was Lw(F0-Fc)2 with w^.nS/tfiFJiQ 0008Fo 2] for 
3585 reflections, maximum shift/esd=0.47, and the number of refined parameters is 352. A 
maximum residual density of 1.3 e/Â was found near the heavy atoms. Further residual 
density peaks of 0.7 e/À or less are assigned to uninterpreted disordered solvent 
molecules. 
Positional and thermal parameters of selected atoms are given elsewhere, and selected 
bond distances and angles are given in Table 6.2. The molecular structure of the cluster 
[Pt2(AuPPh3)10Ag13Cl7] is given in Figure 6 l.22 
6.3 Results and Discussion 
The reaction of [Pt(H)(PPh3)(AuPPh3)7](N03)2 with Ag(PPh3)(N03) in a molar ratio of 
1 4, followed by the addition of NaCl, gives the ternary Pt-Au-Ag cluster compound 
[Pt2(AuPPh3)|0Ag13Cl7] in 24% yield. [Pt2(AuPPh3),0Ag13CI7] was characterized by 
elemental analysis, FAB-MS, cyclic voltammetry and IR and 31P NMR spectroscopy. Its 
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solid-state structure was determined by means of a single-crystal X-ray analysis. 
Crystal Structure 
The X-ray structure analysis of the solid shows that the cluster has a 25-metal-atom core 
formed by two identical icosahedral units sharing a single common vertex. The two 
platinum atoms are situated in the centers of these two icosahedral units as confirmed by 
the Ρ NMR spectrum (vide infra). Icosahedral-based structures are often found for 
(mixed-metal) gold cluster compounds.2'5'10 The cluster can be viewed as having a metal 
layers arrangement of lAg-5Au-lPt-5Ag-lAg-5Ag-lPt-5Au-lAg of DSh symmetry (Figure 
6.1). Along the Cyaxis an alternating Ag-Pt-Ag-Pt-Ag chain is formed, the central silver 
atom being the vertex shared by the two icosahedral units. In the 25-metal-atom 
supraclusters known so far, this position was occupied by a Au atom.1 2"1 4 '2 3 , 2 4 The four 
silver- and gold-pentagons of [Pt2(AuPPh3)10Agj3CI7] are ordered according to a 
staggered/eclipsed/staggered configuration giving rise to icosahedral coordination of the 
platinum atoms and a bicapped pentagonal prismatic coordination of Ag(l). Each of the 
gold atoms is bonded to a phosphine; Ag(7) and Ag(7)' are bonded to CI in a terminal 
way, whereas the two Ag-pentagons are interconnected through five bridging CI atoms 
(Figure 6.1) situated in the mirror plane perpendicular to the Cj-axis. 
As in other staggered/eclipsed/staggered 25-metal-atom supraclusters12,13 the intra-
icosahedral peripheral metal-metal distances are significantly shorter than the inter-
icosahedral peripheral metal-metal distances, i.e. between the silver atoms of the adjacent 
silver-pentagons (Table 6.2). This observation is further support of the 'cluster of clusters' 
concept, which describes this kind of supraclusters as being composed of smaller 
building-blocks, in this case the icosahedral Pt-centered subcluster units. 
The radial Pt-Au distances, ranging from 2.679 to 2.689 Â, are smaller than the radial 
Pt-Ag distances, ranging from 2.789 to 2.839 Â. Both are in the range normally found for 
mixed Pt-Au-Ag clusters.9 The peripheral Au-Au distances range from 2.876 to 2.886 Â, 
and the peripheral Au-Ag distances from 2.807 to 3.045 À; the peripheral Ag-Ag distances 
range from 2.842 to 2.918 Λ for intra-icosahedral distances, whereas the inter-icosahedral 
Ag-Ag distances range from 2.93 to 3.07 À. The Pt-Ag(7)-Cl(6) bond angle (178.6°) 
slightly deviates from linearity. 
The central Pt atoms are surrounded in a spheroidal geometry which is in accordance 
with the (S°)2(Pa)6 electron configuration (18 electrons) of the Pt-centered subclusters of 
this supracluster.25·26 The observation that this electron counting principle still holds for 
these subclusters can be seen as further support of the 'cluster of clusters' concept. 
The cluster compound [Pt2(AuPPh3)10Ag|3Cl7] also satisfies the electron counting rule 
developed by Teo on the basis of the Hume-Rothery rule. This rule predicts a total of 
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Figure 6.1: (A) X-ray structure of [PÌ2(AuPPhj)10Ag13Cl7] with atom labeling for Pt, Au, 
Ag, Ρ and Cl. Phenyl rings have been omitted for the sake of clarity. Thermal ellipsoids 
are at 50% probability; (B) projection of the two silver pentagons onto the crystallo-
graphic mirror plane passing through the five doubly bridging chloride ligands and the 
central silver (Ag(l)); (C) schematic representation of the metal core of 
[Pt2(AuPPh3)l0Ag,3Cl7l 
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310 valence electrons for a close-packed high-nuclearity cluster with 3 encapsulated 
('bulk') and 22 peripheral ('surface') metal atoms arranged in a pentagonal geometry The 
observed number of valence electrons is 
2x 10(Pt)+1 Ox 11 (Au)+10x2(PPh3)+13x11 (Ag)+5x3(bndging Cl)+2x 1 (terminal Cl)=310 
This electron counting therefore supports the premiss that no hydrogen atoms are bonded 
to the central Pt atoms (which is the case for the starting cluster [Pt(H)(PPh3)(AuPPh3)7]-
(N03)2), which is in accordance with the absence of H NMR signals originating from 
Pt-bonded hydrogen atoms The impossibility to exchange countenons and the solubility 
in benzene and toluene show this [Pt2(AuPPh3)10Ag13Cl7] cluster to be a neutral molecule 
3 1 P NMR and IR Spectroscopy 
The 3 1 P NMR spectrum of [Pt2(AuPPh3)10AgnCl7] consists of a doublet signal at 
δ=59 6 ppm with Pt-satelhtes with 27(P-195Pt)(doublet) of approximately 520 Hz This 
NMR appearance, together with the intensity of the Pt-satelhtes, unambiguously proves 
that the platinum atoms are situated in the centers of both icosahedral subclusters, 
surrounded by AuPPh3 groups as the magnitude of the 7(P-195Pt) is in the range normally 
found for 27-couplings via a gold nucleus 1 1 , 2 9 Because the 10 AuPPh3 groups are 
symmetry related only one 6-value is observed The 7-couphng between the PPh3 hgands 
on one icosahedral subcluster and the Pt atom on the other icosahedral subunit probably is 
too small to be observed The doublet splitting of 50 Hz of the Ρ NMR signal (Figure 
6 2A) is an indication of the presence of one unique Ag-atom, which is confirmed by the 
X-ray analysis as described above (Figure 6 1, Ag(l)) 
This observed 3 I P NMR spectrum can be perfectly matched by simulation (Figure 
6 2B30) assuming that the У(Р- Ag) of the five Ag atoms from the Ag-pentagon is 
approximately 13 Hz (assuming the 4/(P-109Ag) of the adjacent Ag-pentagon is too small 
to give any effect), that the 3J(P-109Ag) of the top (or bottom) peripheral Ag atom (Ag(7) 
or Ag(7)') amounts circa 21 Hz, and that the J(P- Ag) of the unique, encapsulated, Ag 
atom is approximately 55 Hz (the /-couplings of the Ag isotopes are related to the 
./-couplings of the 109Ag isotopes in accordance with the gyromagnetic ratio) The 
У-couplings of the peripheral Ag atoms are m the range normally found for peripheral Ag 
atoms in mixed Pt-Au-Ag cluster compounds · 
In this simulation the ./-coupling of the unique central Ag atom (circa 55 Hz) largely 
accounts for the doublet-like splitting pattern of approximately 50 Hz, furthermore the 
equivalence of the PPh3 hgands, together with that of the five Ag atoms in one pentagon, 





Figure 6.2: (A) 3IP NMR spectrum (81.015 MHz) at 298Kfor a toluene solution of 
[Pt2(AuPPh3)ÌOAg13Cl7]; (B) simulated 3IP NMR spectrum of [Pt2(AuPPh3)¡0Ag13Cl7] 
(see Results and Discussion). 
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metal gold phosphine cluster compounds.31 This fast fluxionality may include rotation of 
the AuPPh3 groups or PPh3 ligands with regard to the adjacent Ag-pentagon. 
The 3 1 P NMR spectrum as described, does not change in the temperature range 
298-193K. These NMR data and the observed neutrality of the cluster molecule show that 
both icosahedra are centered by Pt-atoms, this in contrast with the recently published 
cluster compound [PtAujiAuPPh^joAg^Cl^Cl, which is isomorphous and isostructural 
to the title compound. 
The IR spectrum of [Pt2(AuPPh3)10Ag13Cl7] (Figure 6.3) shows an absorption at 
246 cm - 1 which can be attributed to a Ag-Cl vibration. This assignment is in agreement 
fi 1 1 
with the observation of the metal-halide absorptions in other compounds. ' Furthermore 
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Figure 6.3: IR spectrum of [Pt2(AuPPh3)10A.gl3Cl?] (Csl pellet); the Ag-Cl stretching 
vibration is labeled with its wavenumber, other bands originate from the PPh3 ligands. 
Fast Atom Bombardment Mass Spectroscopy (FAB-MS) 
The molecular composition of [Pt2(AuPPh3)10Ag13Cl7] was also confirmed by FAB-MS. 
This technique has been shown to be successful for the determination of the correct 
molecular composition of cationic clusters.16 The positive ion FAB-MS in the 4500-7000 
mass range has a large number of peaks (Figure 6.4). A selection of the centroids of heavy 
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fragments as well as their assignments is given in Table 6.3. The result is in good 
agreement with the composition and the structure of the cluster as discussed above. 
Some peaks with masses higher than that of M+ are observed; however the relative 
abundances of these peaks are not significant, i.e. about 10% or less. Two of these peaks, 
however, may be assigned to the compositions Pt2Au11Ag12(PPh3)jQCl7 (theoretically at 
mie 6722.3; observed at mie 6721.7, with relative abundance 12%) and Pt2Au ] 2Agu-
(PPh3)10Cl7 (theoretically at mie 6811.4; observed at mie 6811.2, with relative abundance 
5%), respectively. These peaks originate either from recombination products formed in the 
FAB-MS experiment or from minor contaminations of other cluster compounds in the 
sample. These contaminations might be analogous to [Pt2(AuPPh3)10Ag13Cl7] with the 
terminal Ag-Cl groups replaced by one or two Au-Cl groups, respectively: 
[Pt2(AuPPh3)10Ag12AuCl7] and [Pt2(AuPPh3)10AguAu2Cl7]. 
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Figure 6.4: Low resolution positive ion FAB-MS spectrum of [Pt2(AuPPh3)I0Ag]3Cl7] in 
the m/e 4500-7000 mass range. 
Cyclic Voltammetry 
Cyclic voltammetric studies of [Pt2(AuPPh3)10AgI3Cl7] show a broad irreversible 
oxidation from -0.15 V to +0.90 V. At a scan rate of 500 mV/s at least three separate 
oxidative steps can be observed (Figure 6.5). At higher scan rates the cyclic voltammo-
gram qualitatively remains the same, but the separate steps blend into each other. The 
width of the oxidative area (1.05 V) is indicative of a multi-electron redox process. 
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This electrochemical behaviour is in agreement with the electron counting as mentioned 
above: the two spheroidal (S°) (Ρσ) (18-electron) Pt-centered icosahedral subclusters of 
[Pt2(AuPPh3)10Ag13Cl7] can theoretically be oxidized to (8σ)2(Ρσ)4 (16-electron) systems. 




-0.80 -0.40 0.00 0.40 0.80 1.20 
Figure 6.5: Cyclic voltammogram of a toluene-acetonitrile (1:1 v:v) solution of 
[Pt2(AuPPh3)10Agl3Cl7] (vs. Ag/Ag+ (0.10 M AgN03) reference electrode; scan rate 
500 mV/s). 
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because of steric hindrance. Oxidation of [PtjCAuPPhj^ QAg^Cl?] will therefore lead to 
(partial) decomposition, which is revealed in the irreversible nature of the oxidation 
process. 
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Chapter 7* 
New Transition Metal-Gold Clusters: Synthesis and 
Characterization of the Tungsten-Gold Clusters 
[W(CO)4(AuPPh3)5](PF6), [W(CO)3(AuPPh3)7](PF6) 




A large number of mixed metal-gold clusters is known, in which one to twelve gold 
atoms are attached to a central metal atom. The variety of the center metal in these 
clusters is extensive, ranging from the early transition metals like vanadium1 to the 
platinum group2 and coinage metals. 
From gold cluster chemistry it is known that [Au(PPh3)(AuPPh3)7] , in which gold is 
also in the center of the metal frame, is reactive in fragmentation and recombination 
reactions.3'4 It can be used in the synthesis of mixed metal-gold cluster compounds. For 
instance the reaction of Pt(COD)(N03)2 with [Au(PPh3)(AuPPh3)7]2+ and NaBH4 in 
ethanol yields the mixed platinum-gold clusters [Pt(AuPPh3)g]2+ and [Pt(PPh3)-
(AuPPh3)6]2+.5 At the moment it is not clear whether Pt is incorporated in the 
[Au(PPh3)(AuPPh3)7]2+ cluster to form [Pt(AuPPh3)g]2+ or whether the latter is formed by 
a fragmentation-recombination reaction. To further investigate this kind of reaction other 
metal complexes were reacted with [Au(PPh3)(AuPPh3)7]2+. During these investigations 
*This chapter has been published as: Kappen, T.G.M.M.; van den Broek, A.C.M.; 
Schlebos. P.P.J.; Bour, J.J.; Bosman, W.P.; Smits. J.M.M.; Beurskens, P.T.; Steggerda, J.J. 
Inorg.Chem., 1992, 31, 4075. 
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some new tungsten-centered gold clusters were found. [W(CO)4(AuPPh3)5]+ (1) and 
[W(CO)3(AuPPh3)7]+ (2) are formed by reaction of W(CO)3(C2H5CN)3 with [Au(PPh3)-
(AuPPh3)7]2+. They are the tungsten analogues of the clusters [Mo(CO)4(AuPPh3)5]+ and 
[Mo(CO)3(AuPPh3)7]+, formed by the photolysis of PPh3AuN3 in the presence of 
Mo(CO)6.6·7 
A large number of compounds containing tungsten-gold bonds are known from 
literature,8 but they differ significantly from the mixed tungsten-gold clusters described in 
this chapter. Most of the literature-known tungsten-gold compounds contain only one or 
two tungsten-gold bonds, whereas compounds 1 and 2 contain five and seven tungsten-
gold bonds, respectively, and a large number of gold-gold interactions; furthermore, the 
tungsten and gold atoms in the literature-known compounds are often connected by 
bridging ligands, whereas all the ligands in 1 and 2 are terminally bonded to the metal 
atoms. Compounds 1 and 2 can be seen as tungsten-centered gold clusters. 
The electrophilic addition of Au(I) species to centered gold clusters is demonstrated by 
the reaction: 
[Au(AuPPh3)7]2+ + AuPPh3+ »- [Au(AuPPh3)g]3+ (1) 
Other electrophilic additions of coinage metals to mixed metal-gold clusters are also 
known, e.g.: 
[Pt(CO)(AuPPh3)8]2+ + Ag+ - [Pt(CO)(Ag)(AuPPh3)g]3+ (2) 
In this chapter we report the synthesis and characterization of the clusters [W(CO)4(Au-
PPh3)5]+ (1) and [W(CO)3(AuPPh3)7]+ (2). We also report the electrophilic addition of 
AuPPh3+ to 1 which leads to the formation of a third tungsten-gold cluster [W(CO)4(Au-
PPh3)6]2+ (3). It will be shown that this reaction can be reversed by addition of PPh3 as a 
AuPPh3+ scavenger to yield the parent cluster 1. 
7.2 Experimental Section 
7.2.1 Measurements 
Elemental analyses were carried out at the micro-analytical department of the University 
of Nijmegen. ICP analyses giving Au:P ratios were carried out on a Plasma 200 ICP-AE 
spectrometer in DMSO solutions with [Au(PPh3)(AuPPh3)7](PF6)2 as the reference. 
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Ρ{Ή) NMR spectra of CH2C12 solutions were recorded on a Braker WM-200 
spectrometer operating at 81.015 MHz and on a Braker CXP-300 spectrometer operating 
at 121.442 MHz with trimethylphosphate (TMP) in CD2C12 as external reference. The 
variable-temperature 31P{ Ή) NMR spectra of 3 in CD2C12 were recorded on a Braker 
AM-500 spectrometer operating at 202.462 MHz with TMP as internal reference. 
13
С{'Н} NMR spectra of CD2C12 solutions were also recorded on a Braker AM-500 
spectrometer operating at 125.759 MHz with tetramethylsilane (TMS) being the reference. 
The infrared (IR) spectra were measured in Csl pellets on a Perkin-Elmer 1720-X Fourier 
transform infrared spectrometer. 
7.2.2 Preparations 
[Au(PPh3)(AuPPh3)7](PF6)2 and [Au(PPh3)(AuPPh3)7](N03)2 were prepared according 
to literature methods.3" This is also the case for W(CO)3(C2H5CN)3.12 All solvents were 
of reagent grade and were used without further purification. 
[W(CO)4(AuPPh3)5](PF6) [(1)PF6] 
A mixture of 107 mg (0.0270 mmol) of [Au(PPh3)(AuPPh3)7](PF6)2 and 25 mg (0.0578 
mmol) of W(CO)3(C2H5CN)3 was refluxed in 40 mL tetrahydrofuran under a nitrogen 
atmosphere. After 10 hours the colour of the mixture had changed from red to black. This 
black mixture was filtered and the black residue washed with 50 mL of tetrahydrofuran. 
The yellow filtrate was evaporated to dryness under reduced pressure. After this yellow 
residue was redissolved in dichloromethane, yellow-orange crystals of [W(CO)4(Au-
PPh3)5](PF6)CH2Cl2 were obtained within 24 hours after addition of n-hexane (yield: 52 
mg, 0.0190 mmol; 45 %, calculated for Au). 
Anal. Caled for WAu5P6C9 4H7 504F6 (mol wt 2737.15): C, 41.25; H, 2.76. Found: C, 
40.86; H, 2.79. IR: characteristic absorption at 840 cm - 1 originating from PF6~; several 
absorption bands characteristic for the PPh3 ligands; v(CO) at 1878, 1888, 1910 and 
1972 cm - 1. 3 1 P NMR: δ=56.71 ppm with 27(P-183W)(doublet)=27.8 Hz. 1 3C NMR: 13CO 
5=213.7 ppm (no lJ(C-iiyW) visible because of a low S/N ratio). 
The nitrate salt of 1 was prepared in the same way using [Au(PPh3)(AuPPh3)7](N03)2 
instead of [Au(PPh3)(AuPPh3)7](PF6)2. 
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Anal. Caled for WAu5P5C94H7507N (mol wt 2654.18): C, 42.54; H, 2.85; N, 0.53. 
Found: С, 41.98; H, 2.88; Ν, 0.50. ICP: Au:P=l:1.05. 
[W(CO)3(AuPPh3)7](PF6) [(2)PF6] 
A 99-mg (0 0250-mmol) sample of [Au(PPh3)(AuPPh3)7](PF6)2 was dissolved m 30 
mL of dichloromethane under a nitrogen atmosphere and 11.1 mg (0.0257 mmol) of 
W(CO)3(C2H5CN)3 was added. This mixture was refluxed for 3 hours, while the colour 
changed from red to black. The mixture was then filtered. The orange-red filtrate was 
evaporated to dryness under reduced pressure. After this orange-red residue was 
redissolved in dichloromethane, orange-red crystals of [W(CO)3(AuPPh3)7](PF6) were 
obtained by addition of n-hexane (yield: 11 mg, 0.00303 mmol; 11 %, calculated for Au). 
Anal. Caled for WAu7P8C1 2 9H1 0 5O3F6 (mol wt 3627.65): C, 42.71; H, 2.92. Found: C, 
42.67, H, 2.93. IR: characteristic absorption at 840 cm - 1 due to PF6~; several absorption 
bands characteristic for the PPh3 ligands; v(CO) at 1828, 1886 and 1966 cm"1. 3 1 P NMR: 
δ=54 21 ppm with 27(P-183W)(doublet)=29.0 Hz. 
The nitrate salt of 2 was prepared in the same way using [Au(PPh3)(AuPPh3)7](N03)2 
instead of [Au(PPh3)(AuPPh3)7](PF6)2. 
Anal. Caled for WAu7P7C,29H105O6N (mol wt 3544.69): C, 43.71; H, 2.99; N, 0.40. 
Found: C, 43.09; H, 3.03; N, 0.45. ICP: Au:P=l:1.08. 
[W(CO)4(AuPPh3)6](N03)2[(3)(N03)2] 
A concentrated solution of the nitrate salt of 1 in dichloromethane or tetrahydrofuran 
was reacted with an equimolar amount of AuPPh3N03. After ten minutes of stirring 
n-hexane was added to precipitate the orange product (3)(N03)2. The yield was nearly 
100 %. 
Compound 3 has not yet been analyzed by elemental analysis because the product could 
not be obtained as pure material, but the chemical behaviour of 3 indicates it to be 
[W(CO)4(AuPPh3)6]2+ (see Results and Discussion). IR: several absorption bands 
characteristic for the PPh3 ligands; v(CO) at 1900, 1924, 1966 and 1981 cm - 1. 3 1 P NMR: 
δ=56.12 ppm with 2y(P-183W)(doublet)=21.9 Hz. 
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The clusters 1 and 2 could also be obtained by refluxing a mixture of 369 mg (1.049 
mmol) of W(CO)6 and 431 mg (0.109 mmol) of [Au(PPh3)(AuPPh3)7](PF6)2 in 40 mL of 
tetrahydrofuran. The first tungsten-gold cluster to be formed in this reaction was 1 (after 
30 minutes); 2 was observed after refluxing for 5 hours. This route, however, had 
substantial drawbacks compared with the syntheses for 1 and 2 as described above: the 
number of side-products is larger, so the yields of 1 and 2 are considerably less. 
7.2.3 Structure Determination of 
[W(CO)4(AuPPh3)5](PF6)CH2Cl2 and [W(CO)3(AuPPh3)7](PF6) 
Collection and Reduction of Crystallographic Data 
Since single-crystals decomposed very quickly upon removal from the solvent, crystals 
of 1 and 2 were mounted in a capillary together with a mixture of dichloromethane and 
n-hexane. X-ray data were measured on an Enraf Nonius CAD4 diffractometer. Standard 
experimental details are given elsewhere; the crystal data for 1 and 2 are listed in 
Table 7.1. 
Solution and Refinement of the Structures 
[W(CO)4(AuPPh3)5](PF6)-CH2Cl2 [(1)PF6CH2C12]. The positions of the metal atoms 
were found from an automatic orientation and translation search (ORIENT, TRACOR ) 
with a Au6-fragment (from [(AuP(C6H5)3)7Mo(CO)3]OH7) as search model followed by a 
phase refinement procedure to expand the fragment (DIRDIF ). The remaining non-
hydrogen atoms were positioned from successive difference Fourier maps. The phenyl 
rings were converted into regular hexagons and their hydrogen atoms were placed at ideal 
positions (C-H=1.00 A). A difference Fourier map showed the presence of one PF6 ion 
and two partially occupied solvent molecules. The positional parameters and the 
occupation factors of the atoms of these solvent molecules were refined with constrained 
ideal geometry. The total occupation factor leads to one solvent molecule for one cluster. 
To determine the absolute structure the Bijvoet coefficient was calculated and found to be 
negative (£=-0.945 on 200 Bijvoet pairs, using a new version of the program Bijvoet1'); 
consequently the structure was inverted. Least-squares refinement using SHELX was 
performed in two blocks. During the final stage of refinement, the anisotropic parameters 
of the gold, tungsten and phosphorus atoms were refined. Final convergence was reached 
at Л=0.047; the function minimized was Ziv(F0-Fc)2 with и^І.О/^^+О.ООЗб^ 2 ] . A 
maximum residual density of 3.1 e/Â3 was found near the W and Au atoms, further 
residual density being below 0.8 e/Â . 
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Positional and thermal parameters of selected atoms are given elsewhere, and selected 
bond distances and angles are given in Table 7.2. The molecular structure of 1 is given in 
Figure 7.1.'7 
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[W(CO)3(AuPPh3)7](PF6) [(2)PF6]. The positions of the metal atoms were found from 
an automatic orientation and translation search (ORIENT, TRACOR ) with an ideal 
WAu7-fragment (from [(AuP(C6H5)3)7Mo(CO)3]OH7) as search model followed by a 
phase refinement procedure to expand the fragment (DIRDIF ). The remaining non-
hydrogen atoms were positioned from successive difference Fourier maps. The phenyl 
rings were converted into regular hexagons, and their hydrogen atoms were placed at ideal 
positions (C-H=1.00 À). A difference Fourier map showed the presence of one PF6 ion on 
an inversion center and one partially occupied PF6 ion. The positional parameters and the 
occupation factors of the atoms of the latter PF6 ion were refined. The occupation factors 
were in the range of 0.4-0.6. On chemical evidence the occupation factor is fixed on 0.5. 
The total occupation factor leads to one PF6 ion for one cluster. During the final stage of 
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(a) The numbering scheme for the gold and phosphorus atoms starts with number 2; this 
oddity originates from the fragment search using a Au6 fragment (see Experimental 
Section). 
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the least-squares refinement using SHELX, the anisotropic parameters of the gold, 
tungsten and phosphorus atoms were refined. Final convergence was reached at Λ=0.065; 
the function minimized was Zw(F0-Fc)2 with w=1.0/[a2(Fo)+0.0008Fo2]. A maximum 
residual density of 1.9 e/Â was found near the W and Au atoms, further residual density 
being below 0.9 e/Â3. 
Positional and thermal parameters of selected atoms are given elsewhere,16 and selected 
bond distances and angles are given in Table 7.3. The molecular structure of 2 is given in 
Figure 7.3.n 
7.3 Results and Discussion 
7.3.1 Synthesis, Characterization and Crystal Structure of 
[W(CO)4(AuPPh3)5](PF6) [(1)PF6] 
The cluster compound [W(CO)4(AuPPh3)5](PF6) [(1)PF6] is obtained by refluxing a 
mixture of W(CO)3(C2H5CN)3 and [Au(PPh3)(AuPPh3)7](PF6)2 in tetrahydrofuran. An 
unknown reorganization process must occur to provide the fourth CO in the 
[W(CO)4(AuPPh3)5]+ ion. 1 can also be prepared from W(CO)6 and [Au(PPh3)(Au-
PPh3)7](PF6)2, although the yield of this route is low. 1 was characterised by elemental 
analysis, ICP analysis, and IR, 13C NMR and 31P NMR spectroscopy. Its solid-state 
structure was determined by means of a single-crystal X-ray analysis. 
The Ρ NMR spectrum of cluster 1 consists of a singlet at 6=56.71 ppm with 
27(P-183W)=27.8 Hz. This singlet reflects the fast fluxional behaviour of the phosphine 
sites at room temperature, which is commonly observed for this type of cluster 
compounds.18 The NMR appearance clearly shows that the tungsten must be in the central 
position of the cluster framework, surrounded by AuPPh3 units. This observation is 
confirmed by X-ray analysis (vide infra). The relative intensity of the W-satellites is in 
good agreement with the natural abundance of 14.4 % for this nucleus. The magnitude of 
the 7(P-183W) is in the range expected for a 27-coupling via a gold nucleus, which is 
normally a factor 5-10 less than the corresponding '/-coupling. 
The IR spectrum shows CO stretching vibrations at 1878, 1888, 1910, and 1972 cm - 1. 
These relative low values indicate the electron donor behaviour of the five AuPPh3 groups. 
The X-ray structure analysis of the solid shows that the cluster ion has a central 
tungsten and five peripheral gold atoms, each of these gold atoms bonded to a phosphine; 
furthermore the central tungsten is connected to four carbonyls, leading to a total 
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Figure 7.1: X-ray structure of [W(CO)4(AuP(C6H5)3)5]PF6CH2Cl2 with atom labeling for 
W, Au, Ρ and carbonyl 0; phenyl rings and PF6~ ion have been omitted for the sake of 
clarity. Thermal ellipsoids are at 50 % probability. 
Figure 7.2: Schematic representation of the metal core of 1. The tungsten atom, which 
occupies the center of the incomplete icosahedron, has been omitted for the sake of 
clarity. 
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Connectivity of nine for the central tungsten atom (Figure 7.1). There is no direct W-P 
bond as confirmed by the absence of 'y(P-183W) in the NMR spectrum. The carbonyls and 
the AuPPhj-groups surround the tungsten in a (quasi-)spheroidal symmetry, which is in 
accordance with the (Sa)2(P°) electron configuration (18 electrons) of the cluster. The 
topological parameters 5 and P, which correlate with the cluster electron count, are 0.92 
and 1.00, respectively, and therefore justify the classification of the cluster geometry as 
being spheroidal. 
The Au5-atoms of this cluster are positioned at five adjacent vertices of an icosahedron 
in such a way that the maximum number of seven close Au-Au contacts is obtained 
(Figure 7.2). The tungsten atom is situated in the center of the fictitiously completed 
icosahedron. This is evidenced by the observation that all Au-W-Au bond angles are close 
to 63.45°, the theoretical value for a perfect icosahedron. 
The W-Au distances range from 2.752 to 2.849 À. These distances are comparable with 
the sum of the atomic radii of tungsten and gold and are all in the range normally found 
for W-Au distances.8 The W-Au-P bond angles, ranging from 158.6° to 165.0°, 
substantially deviate from linearity. These deviations are directed towards the CO region 
of the molecule, alluding to the sterical nature of these deflections. 
The W-C(CO) distances, ranging from 1.89 to 2.01 Λ, are also in the range normally 
observed for tungsten carbonyls. The W-C-0 bond angles vary from 167° to 176°. The 
deviations from linearity of these bond angles are presumably caused by steric factors. The 
C-O bond lengths (varying from 1.13 to 1.25 Â) are in the normal range found for 
tungsten carbonyls. 
7.3.2 Synthesis, Characterization and Crystal Structure of 
[W(CO)3(AuPPh3)7](PF6) [(2)PF6] 
[W(CO)3(AuPPh3)7](PF6) [(2)PF6] can be prepared by refluxing [Au(PPh3)(AuPPh3)7]-
(PF6)2 with either W(CO)3(C2H5CN)3 in dichloromethane or W(CO)6 in tetrahydrofuran. 2 
was characterised by elemental analysis, ICP analysis and by IR and Ρ NMR 
spectroscopy. Its solid-state structure was determined by a single-crystal X-ray analysis. 
The 3 1 P NMR spectrum of 2 consists of a singlet at 5=54.21 ppm with 183W-satellites 
at 29.0 Hz. The singlet nature is a result of the fluxional behaviour of the phosphine sites 
in solution; the relative intensity of the satellites corresponds to the 14.4 % natural 
abundance of 183W. The magnitude of the J(P-183W) shows it to be a 27-coupling. The 
NMR appearance clearly indicates that 2 has a central tungsten atom, surrounded by 
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AuPPhj units. 
The IR spectrum shows CO stretching vibrations at 1828, 1886, and 1966 cm"1. These 
low frequencies for 2 point to a strong donor behaviour of the seven AuPPh3 groups, 
causing a substantial π-back donation to the carbonyls. 
The solid-state structure of the cluster ion 2 (Figure 7.3) shows a central tungsten atom 
surrounded by three carbonyls and seven gold atoms, each of the gold atoms connected to 
a phosphine ligand. This coordination geometry leads to a connectivity of ten for the 
central tungsten atom. There is no direct W-P bond in this cluster ion, as confirmed by the 
absence of './(P-183W) in the NMR spectrum. 
Figure 7.3: X-ray structure of [W(CO)3(AuP(C6H5)3)7]PF6 with atom labeling for W, Au, 
Ρ and carbonyl O; phenyl rings and PF6~ ion have been omitted for the sake of clarity. 
Thermal ellipsoids are at 50 % probability. 
The metal core of 2 is derived from an icosahedral geometry: the seven gold atoms are 
positioned at seven adjacent vertices of an icosahedron (Figure 7.4) whereas the tungsten 
atom is situated in the center. The number of close Au-Au contacts for this geometry is 
twelve. The carbonyls, bonded to the tungsten atom, are placed at the top of this metal 
core on the side opposite to the Au7-atoms. The carbonyls and the AuPPh3-groups 
surround the central tungsten in a (quasi-)spheroidal symmetry, as indicated by the 
topological parameters S and Я,19 which are 0.91 and 0.94, respectively, in accordance 
with the (SC)2(PC)6 electron configuration (18 electrons) of 2. 
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Figure 7.4: Schematic representation of the metal core of 2. The tungsten atom, which 
occupies the center of the incomplete icosahedron, has been omitted for the sake of 
clarity. 
The W-Au distances, ranging from 2.760 to 2.856 Â, are about the same as those for 1. 
The Au-P bond distances are in the range normally found for (mixed metal-)gold clusters. 
The W-Au-P bond angles range from 146.7° to 174.6°. Except for the W-Au(l)-P(l) bond 
angle (174.6°) the deviations from linearity are considerable; as for 1 these deviations are 
directed towards the CO region, which further supports the indication that these deviations 
are caused by steric factors. The W-C(CO) distances range from 1.93 to 2.05 Â and are 
comparable to those for 1 and other tungsten carbonyls. 
The C-O bond lengths (1.12, 1.19 and 1.20 Â) are in the range normally observed for 
tungsten carbonyls; the W-C-0 bond angles vary from 172 to 179°. The deviations from 
linearity of the bond angles are less than for cluster ion 1. This must be related to two co-
operative factors: the tungsten atom in 2 is somewhat more tilted above the five-membered 
ring (Au(2)-Au(3)-Au(4)-Au(5)-Au(6)) than the tungsten atom in 1 is above the partially 
filled five-membered ring (Au(2)-Au(3)-Au(4)-Au(6)). This leaves more room for the 
carbonyls of 2 to be placed on the tungsten at the other side of this five-membered ring. 
On the other hand there are only three carbonyls to be placed in 2, whereas four are to be 
placed in 1, and the hindrance of Au(7) in 2 is of significantly less importance compared 
to that of the fourth carbonyl in 1 because of the larger W-Au bond length compared to 
W-C. 
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7.3.3 Electrophilic Addition of AuPPh3
+
 to [W(CO)4(AuPPh3)5]+ 
The reaction of [W(CO)4(AuPPh3)5]+ (1) with AuPPh3+ in dichloromethane or tetra-
hydrofuran yields a third tungsten-gold cluster which is to be formulated as [W(CO)4(Au-
PPh3)6]2 + (3) on the basis of chemical and spectroscopic considerations (vide infra). The 
yield of this reaction is nearly 100 %, indicating this electrophilic addition must be 
straightforward. Furthermore this new product reacts with PPh3 to yield the parent cluster 




[W(CO)4(AuPPh3)5]+ ^ ' [W(CO)4(AuPPh3)6]2+ (3) 
Au(PPh3)2+ PPh3 
Reaction (3) in CH2C12 at room temperature, with different amounts of AuPPh3+ or PPh3 
respectively, was followed by 3 1 P NMR; the results are shown in Figures 7.5A and 7.5B. 
Both reactions proceed in 100 % yield by the addition of 1 equivalent AuPPh3
+
 or PPh3, 
respectively, and no side-products other than Au(PPh3)2+ are formed during the cycle. 
The 3 1 P NMR spectrum of 3 consists of a singlet at 5=56.12 ppm with 183W-satellites 
at 21.9 Hz. The size of this coupling shows it to be a 2J(P-183W), thereby indicating that 
the central tungsten atom is surrounded by AuPPh3 units. 
The 2/(P-183W) decreases from 27.8 Hz in the parent compound 1 to 21.9 Hz in 3. This 
must be related to the lowering of the W-Au bond order upon addition of a AuPPh3
+
 unit 
to the central tungsten atom since with the same number of bonding electrons an 
additional bond has to be made. 
The IR spectrum shows CO stretching vibrations at 1900, 1924, 1966, and 1981 cm - 1. 
The increase of these frequencies compared with those of 1 is consistent with the view 
that the extra W-Au bond that has to be maintained after the addition of AuPPh3
+
 to 1 
decreases the electron density at the tungsten atom. This results in a decrease of π-back 
donation to the carbonyls and therefore in an increase in v(CO). 
Single-crystals of 3 suitable for X-ray analysis have not yet been obtained, so no X-ray 
structure is available at this moment. Nevertheless we feel quite sure about its structure. 
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The tungsten atom of 3 is connected to four carbonyls and six AuPPh3-groups leading to a 
total connectivity of ten for the tungsten. The carbonyls and the AuPPh3-groups must 
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Figure 7.5: Course of reaction (3) in CH2Cl2 as followed by 3IP NMR: (A) results of the 
forward reaction with different amounts of AuPPh^ to 1; (B) results of the back-ward 
reaction caused by the addition of different amounts of PPh} to 3. These curves clearly 
show that both reactions proceed in quantitative yield by the addition of 1 equivalent 
AuPPh}* or PPhj respectively. Conditions: (i) % cluster(3) is expressed as the amount of 
cluster 3 divided by the total amount of clusters 1 and 3 as estimated from Ρ NMR 
spectra: (ii) the equivalents of AuPPhf were calculated for the starting amount of cluster 
1; (Hi) the equivalents of PPh3 were calculated for the starting amount of cluster 3. 
electron configuration (18 electrons) of 3. The four carbonyls will probably be situated on 
one side of the tungsten and the gold atoms will be placed on the other side. There are 
three possible ways for these six gold atoms to be placed in an icosahedral derived 
geometry (Figure 7.6). The geometry of Figure 7.6A is found for the Au6-atoms in 
[Mn(CO)3(AuPPh3)6](PF6)2° and in [Au(PPh3)(AuPPh3)6](OH);M the geometry of Figure 
7.6B is observed for the [V(CO)4(AuPPh3)6]+ ion21 and for the [Pt(PPh3)(CO)(Au-
PPh3)6]2 + ion22 while the geometry of Figure 7.6C is not known yet for any cluster 
compound. The geometry of Figure 7.6A has the maximum number of ten close Au-Au 
contacts for an assembly of six gold atoms arranged in an icosahedral derived geometry, 
whereas the geometries of Figures 7.6B and 7.6C both have nine such contacts. 
The geometry of Figure 7.6A can be ruled out for 3 because at 205-173K the single 
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Figure 7.6: (A,В, С) Schematic representations of the possible geometries for the metal 
core of 3. The tungsten atoms, which occupy the centers of the incomplete icosahedra, have 
been omitted for the sake of clarity. 
Ρ NMR line that is present at higher temperatures begins to split into three lines, which 
indicates that the compound has at least three different phosphine sites. This observation 
leaves the geometries of Figures 7.6B and 7.6C for 3, which are in accordance with the 
electronic arguments given for the [V(CO)4(AuPPh3)6]+ cluster.21 
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Summary 
This thesis deals with the syntheses, reactivities and structures of mixed metal-gold 
cluster compounds. The electron count is a reliable guide for understanding the structures 
and reactivities of these clusters, and is important for controlling syntheses. The reacti­
vities of the cluster compounds reported, are described in terms of the electron configu­
rations in a way comparable to that known for mononuclear transition metal complexes. 
In chapter 2 it is shown that the (5σ)2(Ρσ)4 cluster compound [Pt(AuPPh3)8](N03)2 
reacts rapidly and reversibly with H2 to yield the (S°)2(P(I)6 dihydride [Pt(H)2(AuPPh3)8]-
(N03)2. This reaction is observed in solution as well as in the solid-state. This dihydride 
cluster reacts as an acid towards bases, among which pyridine and the cluster [Pt(Au-
PPh3)8]°, resulting in the monohydride cluster [Pt(H)(AuPPh3)g]+. The electrochemistry of 
the system [Pt(AuPPh3)8]2+/H2 is studied extensively; a CEE mechanism is observed to be 
operative, with chemical following reactions in solvents which support H+ transfer from 
[Pt(H)2(AuPPh3)8]2+ to [Pt(AuPPh3)8]°. This electrochemical study revealed the presence 
of a catalytic EC' mechanism for the oxidation of [Pt(H)(AuPPh3)g]+ in pyridine solution 
under H2-atmosphere. 
[Pt(AuPPh3)8](N03)2 and related PtAu cluster compounds act as catalysts towards 
H2-D2 equilibration reactions and towards the hydrogénation of oxygen and ethylene. 
These catalytic activities may imply that such clusters, apart from being good catalysts 
themselves, can serve as molecular models for heterogeneous gold-platinum catalysts, 
since it is known that the addition of gold to platinum(-group) catalysts has beneficial 
effects on the activity and the selectivity of the catalyst, whereas pure gold itself is 
catalytically inactive. This inactivity is also observed for pure gold cluster compounds. 
Detailed studies, focused on the mechanisms of these catalytic reactions for these cluster 
compounds are in progress by the research group of Prof. L.H. Pignolet at the University 
of Minnesota, Minneapolis. 
Several new cluster compounds have been prepared by electrophilic substitution or 
addition reactions; in chapters 3 and 4 it is shown that in this way the metal core of the 
studied clusters can be extended with additional copper, silver or gold atoms. In chapter 3, 
the cluster compounds [Pt(H)(AgN03)(AuPPh3)8](N03) and [Pt(H)(AgN03)2(AuPPh3)8]-
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(N03) are fully characterized, they show details of how reduction of silver(I) compounds 
with H2 precipitates metal 
In chapter 4 several hydndc containing mixed metal-gold cluster compounds are report­
ed. It is shown that the pyridine ligand in [Pt(H)(AuPy)(AuPPh3)8](N03)2 is bonded to a 
gold atom and that this pyridine ligand can be easily substituted by a (pseudo-)halide to 
yield the related compounds [Pt(H)(AuCl)(AuPPh3)gl(N03), [Pt(H)(AuBr)(AuPPh3)8](Br) 
and [Pt(H)(AuSCN)(AuPPh3)8](SCN), in which the SCN ligand is sulfur-bonded to gold 
In addition to these pure PtAu clusters, three copper containing hydride clusters are 
characterized [Pt(H)(PPh3)(CuCl)(AuPPh3)6]+, [Pt(H)(CuCl)(AuPPh3)8](N03) and [Pt(H)-
(CuCl)2(AuPPh3)8](N03) Crystal structures of the latter two clusters show that the copper 
atoms are situated 'trans' to the relatively electronegative hydride ligand, and that the 
copper atoms of [Pt(H)(CuCl)2(AuPPh3)8](N03) are not in neighbouring positions with 
respect to each other On the basis of spectroscopic^ data, the hydride ligands in these 
mixed metal-gold phosphine clusters are proposed to be bridging between the central 
platinum and peripheral gold atoms 
The reaction between [Pt(AuPPh3)8](N03)2 and [PPh3CuX]4 (in which X=C1, Br or I) 
yields clusters with relatively high copper contents (chapter 5) [Pt(PPh3)(AuPPh3)6-
(Cu4Cl3PPh3)](N03), [Pt(PPh3)(AuPPh3)6(Cu4Br3(PPh3)y)](N03) (y=0 or 1) and [Pt(PPh3)-
(AuPPh3)6(Cu4I3)](N03) These clusters have tetrahedral Cu4-units with bridging halides, 
these Cu4-units are face (η3) bonded to the central platinum atom The cluster [Pt(PPh3)-
(AuPPh3)6(Cu4Cl3PPh3)](N03) has a copper-bonded phosphine that dissociates reversibly 
in solution. The Cu4-tetrahedron of this cluster in the solid-state is rather distorted due to 
phosphine coordination to one of its copper atoms, whereas the Cu4-tetrahedron of [Pt-
(PPh3)(AuPPh3)6(Cu4I3)](N03) approaches a regular tetrahedron with short copper-copper 
distances It is assumed that phosphine coordination to one of its copper atoms is prevent­
ed by the large iodide ligands, the smaller chloride ligands of [Pt(PPh3)(AuPPh3)6(Cu4Q3-
PPh3)](N03) allow such phosphine coordination only when the Cu4-tetrahedron is sub­
stantially distorted Due to the presence of impurities in the samples of [Pt(PPh3)(Au-
PPh3)6(Cu4Br3(PPh3) )](N03) (y=0 or 1) it is yet unknown whether this cluster also has a 
copper-bonded phosphine or not Short copper-gold and copper-platinum distances in these 
cluster compounds show that the copper atoms, although seemingly coagulated, are part of 
the metal core of these clusters 
A new ternary PtAuAg cluster with a high silver content is reported in chapter 6 
[Pt2(AuPPh3)10Ag|3Cl7] This so-called supracluster consists of a 25-metal-atom core of 
two identical platinum-centered icosahedral subunits, which share a single common silver 
atom. These two identical subunits are kept to each other by bridging chlorides Apart 
from a single-crystal X-ray analysis, physical bulk data are presented which is until now 
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unique for this kind of cluster compounds. 
Finally, tungsten-centered gold clusters are reported in chapter 7. The reaction between 
[Au(PPh3)(AuPPh3)7](N03)2 and W(CO)3(C2H5CN)3 (or W(CO)6) yields the cluster com­
pounds [W(CO)4(AuPPh3)5]+ and [W(CO)3(AuPPh3)7]+. Electrophilic addition of AuPPh3+ 
to the former leads to the formation of a third tungsten-centered cluster: [W(CO)4(Au-
PPh3)6]2 +. This reaction can be reversed quantitatively by the addition of PPh3 as a 
AuPPh3
+
 scavenger. All these cluster compounds have an (S°) (Ρσ) electron configu­
ration and have spheroidal (icosahedral-based) geometries. These clusters match the ob­
servation known from literature that stable, centered gold clusters can be obtained with a 
large variety of center atoms, which can range from boron and carbon to platinum, 
rhodium or vanadium. 
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Samenvatting 
Dit proefschrift behandelt syntheses, reactiviteiten en structuren van gemengde metaal-
goud cluster verbindingen. De electronen telling is een leidraad voor het begrijpen van de 
structuren en reactiviteiten van deze clusters; tevens is deze electronen telling belangrijk 
voor het sturen van syntheses. De reactiviteiten van de in dit proefschrift behandelde clus-
ter verbindingen worden beschreven in termen van de electronen configuraties, op een 
manier die vergelijkbaar is met die zoals bekend voor mononucléaire overgangsmetaal 
complexen. 
In hoofdstuk 2 wordt beschreven dat de (S°)2(P°)4 cluster verbinding [Pt(AuPPh3)8]-
(N03)2 snel en reversibel met H2 reageert, waarbij het (SC)2(P°) dihydride cluster 
[Pt(H)2(AuPPh3)8](N03)2 wordt gevormd. Deze reactie wordt zowel in oplossing als in 
de vaste stof waargenomen. Dit dihydride reageert als een zuur met basen, waaronder 
pyridine en het cluster [Pt(AuPPh3)8] , wat resulteert in de vorming van het monohydride 
cluster [Pt(H)(AuPPh3)8]+. De electrochemie van het systeem [Pt(AuPPh3)8]2+/H2 wordt 
uitgebreid bestudeerd; een CEE mechanisme is werkzaam, en chemische volgreacties 
worden waargenomen in oplosmiddelen welke H+ transport van [Pt(H)2(AuPPh3)g]2+ naar 
[Pt(AuPPh3)g]° ondersteunen. Deze electrochemische studie onthulde een katalytisch EC' 
mechanisme voor de oxydatie van [Pt(H)(AuPPh3)8]+ in pyridine onder H2-atmosfeer. 
[Pt(AuPPh3)8](N03)2, en verwante PtAu cluster verbindingen, zijn katalysatoren voor 
H2-D2 equilibratie reacties en voor de hydrogenering van zuurstof en ethyleen. Uit deze 
katalytische activiteiten blijkt mogelijkerwijs dat zulke clusters, los van het feit dat ze zelf 
goede katalysatoren zijn, als moleculaire model systemen kunnen dienen voor heterogene 
goud-platina katalysatoren; het is namelijk bekend dat het toevoegen van goud aan 
platina(-groep) katalysatoren gunstige effecten laat zien op de activiteit en selectiviteit van 
de katalysator, terwijl puur goud katalytisch niet actief is. Dit ontbreken van activiteit 
wordt ook waargenomen bij niet-gemengde goud cluster verbindingen. Uitvoerige studies, 
gericht op de mechanismen van deze katalytische reacties met deze cluster verbindingen 
worden voortgezet door de onderzoeksgroep van Prof. L.H. Pignolet aan de Universiteit 
van Minnesota te Minneapolis. 
Verscheidene nieuwe cluster verbindingen zijn gemaakt met behulp van electrofiele 
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substitutie of additie reacties; in hoofdstukken 3 en 4 wordt getoond dat op deze manier de 
metaal-kern van de bestudeerde clusters kan worden uitgebreid met koper, zilver of goud 
atomen. In hoofdstuk 3 worden de cluster verbindingen [Pt(H)(AgN03)(AuPPh3)g](N03) 
en [Pt(H)(AgN03)2(AuPPh3)g](N03) volledig gekarakteriseerd; deze clusters tonen op 
gedetailleerde wijze hoe metaal wordt geprecipiteerd door reductie van zilver(I) verbin­
dingen met behulp van H2. 
In hoofdstuk 4 worden meerdere hydride bevattende gemengde metaal-goud cluster 
verbindingen beschreven Het pyridine ligand in [Pt(H)(AuPy)(AuPPh3)g](NOj)2 zit 
gebonden aan een goud atoom; dit pyridine ligand is gemakkelijk te vervangen door een 
(pseudo-)halogenide, hetgeen resulteert in de verwante verbindingen [Pt(H)(AuCl)(Au-
PPh3)8](N03), [Pt(H)(AuBr)(AuPPh3)8](Br) en [Pt(H)(AuSCN)(AuPPh3)g](SCN). In dit 
laatste cluster is het SCN ligand via het zwavel atoom gebonden aan goud. Naast deze 
PtAu clusters worden ook koper bevattende hydride clusters gekarakteriseerd: [Pt(H)-
(PPh3)(CuCl)(AuPPh3)6]+, [Pt(H)(CuCl)(AuPPh3)g](N03) en [Pt(H)(CuCl)2(AuPPh3)g]-
(N03). De kristalstructuren van de twee laatstgenoemde verbindingen laten zien dat de 
koper atomen 'trans' van het relatief electronegatieve hydride ligand zijn gesitueerd, en dat 
de koper atomen van [Pt(H)(CuCl)2(AuPPh3)g](N03) niet naast elkaar zitten. Op grond 
van spectroscopische data wordt voor de hydride liganden ш deze gemengde metaal-goud 
fosfine clusters een bruggende positie tussen het centrale platina atoom en de perifere 
goud atomen voorgesteld. 
De reactie tussen [Pt(AuPPh3)g](N03)2 en [PPh3CuX]4 (waarin X=C1, Br of I) leidt tot 
clusters met relatief hoge koper gehaltes (hoofdstuk 5): [Pt(PPh3)(AuPPh3)6(Cu4CI3PPh3)]-
(N03), [Pt(PPh3)(AuPPh3)6(Cu4Br3(PPh3)y)](N03) (y=0 of 1) en [Pt(PPh3)(AuPPh3)6-
(Cu4I3)](N03). Deze clusters bezitten tetraednsche Cu4-eenheden met bruggende 
halogenides; deze Cu4-eenheden zijn η -gebonden aan het centrale platina atoom. Het 
cluster [Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03) heeft een koper-gebonden fosfine, dat in 
oplossing reversibel dissocieert. De Cu4-tetraeder van dit cluster is in de vaste stof 
tamelijk vervormd, hetgeen wordt toegeschreven aan de coördinatie van een fosfine aan 
één van zijn koper atomen; de Cu4-eenheid van [Pt(PPh3)(AuPPh3)6(Cu4I3)](N03) 
daarentegen nadert de geometrie van een reguliere tetraeder met korte koper-koper 
afstanden. Aangenomen wordt dat fosfine-coordinatie aan één van de koper atomen van dit 
cluster wordt verhinderd door de grote jodide liganden; de kleinere chloride liganden van 
[Pt(PPh3)(AuPPh3)6(Cu4Cl3PPh3)](N03) laten een dergelijke fosfine-coördinaüe alleen toe 
indien de Cu4-tetraeder aanzienlijk wordt verstoord. Door de aanwezigheid van onzuiver-
heden in de monsters van [Pt(PPh3)(AuPPh3)6(Cu4Br3(PPh3)y)](N03) (y=0 of 1) is het nog 
onbekend of dit cluster al dan niet een koper-gebonden fosfine bevat Korte koper-goud en 
koper-platina afstanden in deze cluster verbindingen laten zien dat de koper atomen, alhoe-
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wel schijnbaar samengeklonterd, deel uitmaken van de metaal-kern van deze clusters. 
Een nieuw ternair PtAuAg cluster, met een hoog zilver gehalte, wordt beschreven in 
hoofdstuk 6: [Pt2(AuPPh3)10Ag13Cl7]. Dit zogenaamde supracluster bestaat uit een kem 
van 25 metaal atomen; de twee identieke platina-gecentreerde icosaëdrische sub-eenheden 
zijn met elkaar verbonden door middel van een gemeenschappelijk zilver atoom, en 
worden verder bijeengehouden door bruggende chlorides. Naast een kristalstructuur-
opheldering worden ook fysische bulk-gegevens van dit supracluster gerapporteerd, 
hetgeen voor deze soort cluster verbindingen uniek is. 
Tot slot worden in hoofdstuk 7 een drietal wolfraam-gecentreerde goud cluster 
verbindingen beschreven. De reactie tussen [Au(PPh3)(AuPPh3)7](N03)2 en W(CO)3-
(C2H5CN)3 (of W(CO)6) resulteert in de vorming van de cluster verbindingen [W(CO)4-
(AuPPh3)5]+ en [W(CO)3(AuPPh3)7]+. Electrofiele additie van AuPPh3+ aan het WAu5-
cluster geeft het derde wolfraam-gecentreerde cluster: [W(CO)4(AuPPh3)6]2+. Deze reactie 
kan kwantitatief worden omgekeerd door het toevoegen van PPh3 als een AuPPh3+ 
scavenger. Deze clusters hebben allemaal een (S°) (Ρσ) electronen configuratie met 
bijbehorende spheroïdale (op een icosaëder gebaseerde) geometrie. Deze clusters passen in 
het gegeven, zoals uit de literatuur bekend, dat stabiele gecentreerde goud clusters 
verkregen kunnen worden met een grote variëteit aan centrale atomen; deze centrale 
atomen kunnen variëren van boor en koolstof tot platina, rhodium of vanadium. 
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